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INTRODUCT ION

The Erosion Problem

Shoreline erosion is a critical problem along Wiscénsin's Lake Michigan and
Lake Superior Coasts. In recent years Wisconsin has suffered millions of dollars
in property'lbsses as a result of erosion damage to homes, commercial and industrial
buildings and public facilities. These daméges have increased from $4,591,000 in
1951-2 to an estimated $15,000,000 in 1973, Public concern has also intensified
with the increasing destruction fo private and public property as repeatedlyvreflécted
in telephone surveys, questionaires, public meetings and the news media. The
Coastal Management Program is a joint state/local efforf formed to deal with the

many issues cbnfronting Wisconsin's coastal areas, 1ncldding shoreline erosion as

one of the highest ranking problems. The Shore Erosion Study forms an integral

pait of the Coastal Management Development Program with a primary goal of developing
alternative plans for the prevention and abatement of shore damage to priwvate and
puﬁlic coastal property. |

The foundations of the study were developed during the first year effort of
the CoastalrManagement Development Program with the ipitiation of basic data
inyentorieé by state agencies, institutions, and, in -the second year effort, the
Regional Planning Commissions, A Shore Erosion Study Plan was developed following
a series of technical meetings that defined informational needs and delineated the
technical studies required for the formulation of altérnative plans related to
shore erosion (Fig. 1). |

The Shore Erosion Study may be divided into three major elements: (1) the
analysis of protective structural alternatives, (2) the analysis of non-structural
alternatives, (3) the field survey of erosion problem areas. This report represents
the field survey effort and is based directly on many of the preceding work elements
of the study, and forms the essential basis for the analyses of structural and

non-structural alternatives.
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Determination 6f Critical Areas

Critical erosion areas are'defined as areas in which property of unusual
cultural, economic of scientific value is in danger of being damaged or destroyed
through the processes pf coastal erosion, For the purposes of this study a
qumﬂﬁtatiye working definition of erosion problem areas was developed so that
the resources of the study could be directed toward the most serious erosion
problem areas, The criteria of this definition included; (1) public perception, -
(2) shore recession rates, (3) shore damages, (4) protective structures, (5)
bluff height and (é)ﬁshore development.

The public perception of erosion hazard areas was obtained through regional
workshops wheré the regional technical and citizen committees mapped known areas
Where erOS;on threatened public safety,vprivate or public property, historic or
scientiiicilandmarks or enviranmental values, These maps were further detailed
through a qan;és 6f Wisconsin Department of Natural Resources and Department of
Transpoffation‘field personnel, Shore recession rates were calculated from
measurements of changes in the shoreline on sequential aerial photographs; These
measurements were supplemented by historic recession rates as reported bybprevioﬁs
1ﬂvéstiéators. The dollar value of shore damages was obtained from the 1952.
Shore Damage Survey‘by the U.,S. Army Corps of Engineers. This was the only year

for which damages could be obtained for all of Wisconsin's Great Lakes Shoreline.

- Shore protection structures were interpreted from aerial photographs and

supplemented by field checks where available. Bluff heights and shore development

were estimated from U,S. Geological Survey topographié maps. All of this

information was quéntified by reach in the Lake Michigan basin (Fig. 2) and mapped
on a series of shoreline base maps, (reproduced by reach in the Appendices),

The mépped values were then summed for each mile of shoreline and averaged for
reaches of the shore. The resulting values are shown in Table 1 and form a
priority list of serious erosion problem areas. Field work was concentrated in

areas with a high priority ranking.
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Figure 2 Outline map‘of Wisconsin showing location of reaches along
the Lake Michigan shoreline and the extent of the study area

on Lake Superior,

For more detailed location of the reaches

consult the individual reach descriptions under General

Shoreline Conditions.



Table 1. List of reaches by priority and value/mile

GRID MILES N-S

PRIORITY REACH  VALUE/MILE COUNTY TOWNSHIP LENGTH LOCATION TOTAL
1 1 - 32 KEN 1 4.5 0-4.5 4.5
2 12 27 0ZA 9-10 6.6~ 49.2~55.8 11.1

3 6 25 RAC-MIL 4=5 4.6 19.8-24.4 15.7
4 7 23 MIL 5 2.8 24.4-27.2 -18.5
5 ‘11 23 MIL-0ZA 8-9 2.6 46.6-49.2 21.1

.6 10 20 MIL . 7-8 6.6 40.0-46.6 27.7
7 13, .18 . 0zA 10-11 5.2 55.8-61.0 32.9
8 18B 17 SHE 13-14 5.0 74.0-74.9 37.9
9 3 13 KEN-RAC 2-3 6.0 7.5-13.5 43,9
10 5 . . 13 RAC 3-4 3.0 16.8-19.8 46.9
11 8 12 MIL 5-6 5.8 27.2-33.0 52.7

12 5.6 12 0ZA 11-12 3.0 65.5-68.5 55.7
13 17 11 0zA 12 3.5 68.5-72.0 59.2
14 14 10 - 0zA 11 1.0 '61.0-62.0 60.2
15 15 10, 0zA 11 3.5. 62.0-65.5 63.7
16 27 10 MAN 19 3.5 110.6-113.5 67.2
17 24 9 MAN 17 3.5 97.6-101.1 70.7
18 18A 7 SHE® 13 2.0 72.6-74.0 72.7
19 19 ° 7 SHE =~ 14-15 2.2 82.0-84.2 . 74.9
20 - 25 7 MAN 17-18 5.9 101.1-107.0 80.8
21 29 7 MAN 20-21 2.3 119.1-121.4 83.1
22 22 6 SHE 16 2.4 90.7-93.1 85.5
23 23 6 SHE -MAN 16-17 4.5 93.1-97.6 90.0
24 18¢C 5 SHE 14 3.0 79.0-82.0 - 93.0
25 21 5 ‘SHE - 15-16 3.5 87.2-90.7 96.5
26 26 5 MAN 18-19 3.0 107.0-110.0 - 99.5
27 30 5 MAN 21 4.6 121.4-126.0 104.1
28 2 4 KEN 1-2 3.0 4.5-7.5 107.1
29 4 3 RAC . 3 3.3 13.5-16.8 110.4
30 28 3 MAN 19-20 5.6 113.5-119.1 116.0
31 20 2 SHE 15 3.0 84.2-87.2 119.0
32 9 0 MIL 6-7 7.0 33.0-40.0 126.0




Components of Project and Methods Used

The project was designed to provide information at two levels of detail
for a §ariety of users, This report on general shofeline coﬁditions and types
of bluff failure is for use by homeowners living on the Great Lakes, persons
concerned with the non-technical aspects of flanning coastal areas, and other
interested citizens, More detailed information on critical areas in each county
is provideq_in the Appendices., This information will most likely be used by
engineers and planners in municipalities directly concerned with the erosion
problem and also will be used in the preparation of the final shore e;osion plan
for fhe State of Wisconsin. The information in the Appendices does not provide
site specific information for all locations within the critical areas. It does,
however, provide a framework with a sufficient améunt of information éo that
relatively detailed planning of structures and slope stabilization projécts
can be done before on-site field investigations are undertaken. For most projects
this site specific information will also have to be colleéted.

After-bluff recession rates and critical erosion areas were determinéd, field
work was undeftaken. Since beach erosion and slope failure on the adjacent
bluffs are infimately related, both aspects of the erosion problem wére examined.
Field parties of geologists walked all of the shoreline in the moét critical
_areas,megsuring topographic profiles and mapping in as much detail as possible
the st;afigraphy of materials in the bluff, The mapping also included a description
pf the k;nd of.slope failure that was taking place. All of fhese profiles and
"maps are given in the Appendices by county and reach, Samples of many of the
materials were collected for laboratory analysis,

Another aspect of the project involved description of beach conditions
including nature of beach material and beach slope angle, beach width, and the

distance from shore to the five-foot water depth. Since structures along the

w

»



shoreline play an important role in detgrmining the width of the beach, all
structures were described, located, and evaluated for their effectiveness.
This information is also tabuiated in the Appendices forvthe critical areés.

A fourth phase of the project involved the placement of eﬁgineering borings
at 20 loéatiéns along the Lake Michigan shoreline. Samples were collected with
shelby tube and éplit spoon samplers and were returned fo the engineering laboratory
for analysis, The eﬁgineering data and drill-hole stratigraphy provided by this
phase of the study are Also givep in the Appendices. In the next phase of the
study engineering data from the test holes was extrapolated to 1ncludé all of thé
critical areas b& using the geologic information deri;ed from bluff descriptions.
This brovidea the basis fof the mapping of factor of safety and stablé slope
angieé which are given inlthe Appendices, |

The following methods were used in the collection and analysis of data.’

Computation of Erosion Rates

Béfore a mapping df critical areas was undértaken, erosion rates were
measured for the Lake Michigan shoreline from Kenosha County north to Bailey's
Harbor in Door County, Additional measurements were made in all‘of Douglas
Counfy, most of Ashland County, and parts of Bayfield County along the Lake
Superior shoréline.. All of the shoreline iecession measurements were done undér
the di£ec£ioﬁ of Mr. charles Hess as the Department of Natural Resources'
con;ributionvto tﬁe Coastai Management Program. Two types of shoreline recession
info*mafi&n were use& in the determination of critical areas.

Tﬁe first is the 1ong—term rate of recession which integrates periods of
time when there wasllittle or no erosion with those periods of time that have
had fairly highvefoéion rates, The long-term erosion rates‘weré developed from
a variety of.squrcés ofkdata including the U.S. Army Corps of Engineers and other
specific studies aiong the L;ke Michigan shoreline. Along the shoreline of Lake

Superior old maps from original surveys are available which accurately portray the



shoreline position at that time. These were used as the base line data for long-
term recession fates where they were available,

Thé seéond type of information is recession rate over the last 10 yearé.
In many cases fhese values are considerably higher but in some they are lower
because of the sporadic nature of some types of slope failure along the bluff.
These recession rates were measured from vertical aerial photographs at scales
1:12,000 to 1:20,000 that were taken during the last 10 to 15 years. The
measurements were made by plotting shoreline positions from the older photogréph
onto fhe most recent photograph and measuring the distance of recession with a
Bausch ahd Lomb Microline Supergauge. Distances were measured to 5/10,000 of an
inch, These ﬁere‘then converted to distance on the ground by determining pﬁoto
scale in comparison with U.,S. Geological Survey topographic maps, The amounts
of recession were then divided by the number of years of record to produce a
recession rate in feet per year. Recession rates are shown on each reach map in
the Appendices, |

ggofile Measurements and Geologic Observation

In the areas which were determined to have high priority in terms of this
erosion study, field parties did detailed observation and profile measurements
during the:suﬁmer of 1976, One field party, under the direction of Df. Alan F.l
Schneider, concentrated on Kenosha (Appendix 1) and Rgcine (Appendix 2) Counties,
Another field party, under the direction of Dr, David M. Mickelson, concentrated
on Milwaukee (Appendix 3) and Ozaukee (Appendix4) Counties, and a third fieldv
party, undér the direction of Df. David Hadley, concentrated on Sheboygan
(Appendix 5) and Manitowoc (Appendix 6) Counties., Some measurements were also
done in Kewauﬁee . and Door Counties on Lake Michigan, For the Lake
Superior coﬁnties (Appendix 7) some detailed profiling and stratigraphic descrip-
tion was:available from previous investigations, Mr., Charles Hess collated this

information and also did detailed bluff descriptions in high priority areas,



- All of field work along Lake Michigan was done on a sectién—(one mile)
by-section basis, 1In each section where a bluff was present, 2 - 6 profiles
were measured. The topographic profiles were determined by measuring slope angle
with a hand-held Brunton compass and measuring distances with a tape., All
significant slope breaks were recorded and are shown on the profiles. As the
topographic profile was measured, matérials in the bluff‘were also described
where exposure of the materials was available, and the thicknesses of the units
were noted on the profiles, Samples were collected for laboratory analysis from
all of the till units and some of the intervening lake sediment. The amount of
vegetation on the bluff was noted and the type of slope failure that was taking
place was described for future incorporation with engineering data.

Because all of the shoreline between the profiles was walked by the field
parties, additional information in the areas between the profiles was_accumulated.
This information includes types of slope failure taking place, position of ground-
water discharge along the slope, changes in thickness’'of types of material in the
bluff, types of toe material, and any other features of significance, All of
this‘information 1s provided either in narrative form or on maps in the Appendices,

in addition to description and measurement along the bluffs, beach widths
were taped or paced and the distance from the shoreline to a water depth of 5
feet was measured with tape or optical range finder at each profile. Beach width
and material making up the beach (sand, pebbles, cobbles) was also described
in the areas between the profiles, Because the nature and width of the beach
changes with climatic conditions, season of thé year, and lake level, this
information-only provides some basis for preliminary blanning of structures,
Information on changes in beach conditions with time, an important factor in
planning some structures, is not provided by this study. A generalized description
of the beach. is also shown in eaéh Appendix.

All of the information accumulated was plotted either directly on vertical

aerial photographs at a scale 1:12,000 (about 5-% inches per mile), or on oblique
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aerial photographs of the bluff and transfered to vertic#l photos, These were also
used for iocation, description of types of slope failure, and for the correlation
of stratigraphic materials in the bluffs. All of the information from the
photographs was then converted to maps at a scale of 1:12,000, and these méps

are provided in the Appendices.

Structure Mapping and Evaluation

For each erosion control or bluff sgstabilization structure visible along the
shoreline a descriptive form wasg filled out (Fig. 3). Information given on the
forms 1s tabulated in the Appendices, and structure formsvare on file at the
Department of Natural Resources, All structures were photographed to provide -
additional description of the structures, The location of the structures is
shown by county, township, and range, section, and fraction of a mile north of
the south section line along the shoreline. The location of the structures is
also shown on maps 1n‘the Appendices,

Measurements of structure heights and widths were measured where possible
either by taping or pacing the distances. In some cases measurements were difficulf
or impossible to obtain, and so estimates are provided. Definitions of the
structure types are given in the Glossary at the end of this report. Structure
condition was based on whether or not the structure was trapping sand and building
out a beach at the base of the bluff. Adverse effects were usually erosion on
the down-drift side (usually south) of the structure. 1In some cases, especially
with large structures, the beach has actually been removed by waves and currents
on one side of the structure and considerable bluff erosion is taking place.

The type of material used in the structure was given as the two major materials,
and the amount of maintenance needed was a subjective observation related to‘the
way in which the structure was being maintained, Shore parallel structures, such
as revetments and bulkheads, commonly fail by being over topped by large waves

or by being eroded at the toe; the latter failure usually results in collapse of

the structure. In some cases, breakwaters (shore parallel structures away from
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the base of the bluff) also fail in the above-mentioned fashions. Shore
perpendicular structures, such as piers, occasionally collapse because of wave
or ice damage, but sometimes are so successful in trapping sediments that they
become buried in beach material and are not presently acting as sediment traps.
In these cases, the accumulation of beach material does protect the toe of the
bluff however, and the structures were rated as functioning and requiring nomne
or minor maintenance.

Geotechnical Subsurface Exploration, Sampling, and Field Tests,

Sites for engineering borings were chosen because they represent fairly

" typical bluff composition, important stratigraphic units from an engineering
standpoint, and to some extent because they wére accessible to the truck mounted
drilling equipment. Locations of the drill holes were monumented and detailéd
slope profiles on the adjacent bluff were measured., This will enable more detailed
studies on slope stability to be undertaken in the future. Locations of all the
drill holes are shown on figure 4, in more detail in maps showing reaches, and

in the Appendices.' -

Two separate drill rig units were used in the sampling of subsurface materials
each with'a capacity of 120 to 135 feet of auger boring. Solid stem auger flights
five feet in length and four and one half inches in diameter were used to open
the hole and to determine general stratigraphy. Standard Penetration Resistance
was recorded at five foot intervals iﬁ Accordance with ASTM d 1586-67, by using
either a cathead and blocks system, or a Sate-T-Driver Holst on the Mobile Drill
Unit. The number of blows necessary for a 140-pound hammer dropping 30" to
penetrate a split barrel sampler (2 in, 0.D,, 1% in. I.D.) into the soil six
inches was recorded in three sets, the sum of the last two being the Standard
Penetration, Pocket Penetrometer readings were taken on the surface of the
split spoon samples thus obtained and averaged to give an estimate of the
unconfined compressive strength of cohesive soils, Three-inch Shelby tube samples

in lengths of 24 and 3 feet were pushed hydraulically into the soil approximately
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every 20 feet, or when a new recognizable layer was reached, as per ASTM D 1587,
The ends of the Shelby tubes were stopped with plastic caps, then covered with
cloth and sealed in paraffin, then stored horizontally in a moisture room in the
laboratory.

Piezometers were prepared in the lab consisting of a 3/8" I.D. perforated
plastic core and a 13" shell of an epoxy/Ottawa Sand matrix. The piezometers
were installed in each borehole at the estimated water table levels, or in
pervious strata, and connected tp the surface by a 3/8" 0.D. plastic tubing.
Bentonite "plugs" were used where apprqpriate to 1solgte the piezometer tip,
and sand filled in around the tip. Groundwater levels were determined approximately
‘o@g month after the installation of the piezometers by registering the voltage
th%éugh'a cpaxial wire,

;Ail boreholes were backfilled with soil refuse, capped with a Zé—inéh
plasgic'pipe and pipé cap fitting, monumented, and seéled in cement.. The borehole
locetion was roughly-determineﬂ from nearby reference points,

Hollow-stem augers, casing, wash borings and slurry methods were not used
in the subsurface investigations. Due to the occurrence of high groﬁndwater
tébles,‘or saturated sand layers, it was often necessary to resort to obtaining
only "bag" samples £rom auger flights. These bag samples were used in classification

tests only,

Geotechnical Engiheering Laboratory Testing
Standafd Classification and shear strength tests were conducted on split
spoon, pag, and shelby tube samples obtained by the drilling crew, Atterberg

Limits (Liquid Limit and Plastic Limit) were determined by the procedure outlined

in W,T. Lambe's Soil Testing for Engineers as per ASTM D 423 and D 424. The

Liqﬁid Limit.was calculated by straight line least squares analysis of the water
content vs., the log pf the number. of blows of the liquid 1limit dish, The grain
size distribution of each sample was determined by wet sieving oh standard sieve

sizes #10, #40, and #200, and the percentage finer than a particular grain size
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determineq_py copseCuﬁivc‘ subtaction. Stgndard Hydrometer analysis as desqr;bedJ
by W.T. Lambe.wﬁs performed using 50 cc of .4N Calgon solution (Sodium
Hexametaphosphate + NayCOg Buffer) with approximately 50 g of soil passing
#200 sieve in one liter of distilled water. A desk calculator (Monrog, Model
1880) was programmed tq determine the equivalent corrected grain digmeter and the -
percentage fingr.forAthe particular hydrometer used, and the results were inter~
polated to obtain thg percentage finer than .005 and .002 mm, Pipette analysis
was also used to determine thevpgrcentage of clay. ngples were prepared as
descriped gbovg, then an appropriate volume of suspended material was removed at
specified depths and timgs asvdescribed by Tanner and Jackson (1947).- The results
were correctgd for the concentration of Calgon, and the percentage ongrain
sizes.smallgr than 0..5 and .002 mm were recorded.

The Unified Soil Classification System was employed as per ASTM D 2487-69
and.ASTM D 2488-69 us;ng the following basis for grain sizes;

| Gravel - 2,0 mm N
Coarse Sand - 0,42 to 2.0 mm
Fine Sand -~ 0,074 to 0.42 mm
Siit - 0,002 to 0.074 mm
Clay 0.092 mm ’

Natural.water content, w, and natural unit weight, y, were determined for all
Shelby tube samples,.and many spiit spoon samples., Dry density was then
calculated as Yd.f Y }§1+w)‘as a measure of the concentration of solid matter in

a unit volume of soil.

Shear strength tests were conducted on all shelby tube samples. Sand samples

.were tested at natural densities determined either by Standard Penetration

results, or direct density measurements. The specimens (1.4 in, diameter, 3,0
in.high) were placed in triaxial compression test cells, an initial all-around
cell pressure applied, and the axial load increased until failure at a shearing

rate of .03 to .06 inches/min (strain rate= .0l to .02 per inch). Drainage was

allowed, and dilatancy, or volume changes during shearing were used in determining
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the shear strength. KCompilatién of the triaxial data and léast squares determination
of the effective ﬁngle of internal friction was performed by a calculatorlprogram,
assuming cohesionbzero and taking failure at the m&ximum principal stress
difference,
Clay sample were extruded from the shelby tubes, trimmed manually to a
speciman size approximately 3.6 cm in diameter and 7.8 cm in length, After'l i "E
being enclosed.in a rubber membrane, and placed in a triaxial testing cell, the |
specimens wefe subjected to a confining pressure of 0,5 ksc and allowed to
consoiidate. After equilibrium was obtained, E-checks were made wherby the cell
pressure was increased, and the subsequent increase in the infernal porepressure
of the specimens noted.. The backpressure, or applied porepressure, was then
increased tolméintain a constant effective pressure of 0.5 ksc on the specimens,
This procedure was continued until saturation was achieved, i.e., the porepressure
increase'was at least 90% of the increase in cell pressure. Backpressures of
3 to 5 ksc were generally required to achieve saturation. Cell pressure was then
increased and specimens allowed to consolidate in order to provide the desired
effective normal stress before shearing. All drainage due to consolidation was
recorded and the change in specimen height measured. Shearing was done at a‘rate
“of about ,004 inches per minute, (or a étrain rate of .0013 per minute), and the

porewater preséure measured (drainage was not allowed during shearing). The

4

effective stfess pafameters were computed by calculator programs, based : . 3
on a ieast sqﬁ}es fit of points of maximum deviator stress, ' Effective stress
pathszefe plotted, and the corresponding failure envelope indicated for each set v
of specimens (Fig. 5). |

A Farnell automatic shear vane testing apparatus was used to estimate

the unconfined compressive strength of several shelby tube samples. The véne

had a diameter of 1.27 cm and a length.élso of 1,27 cm, and sheared at a rate of

about 8.5° per minute (or about 40 minutes per rotation).
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Stability Analysis

The relative slope stability of the bluffs along the Lake Michigan shore-
line, its variations, extremes, andcriticaiitydue to changes in stratigraphy,'
material properties, bluff height, and slope angle, were the ultiméte conéern
6f the Geétechnical Engineering Group. Each bluff profile as measured by the
geologic field parties, was analyzed using the effective stress parageters
determined in the laboratory, |

A modified Bishop method of slope stability analysis (Fig. 6) assuming .

6ircu1ar, rotational failure has been found to model the slope failure phenomena

along the coastline satisfactorily (Edil and Vallejo, 1977) and was therefore alsb .

used in this study;i The procedure that this method follows is to divide the
faiiure 2oﬁe into slices, analyze the efféctive forces on each slice, then sum

the moment of these forces about the trial failure circle center., = Groundwater
conditions and seepage forces are also considered in the stability’analyéis.

fhe Safety Factor is then defined as the ratio of the sum of the moment of the’
&fiving forces (shear stresses) to the sum of the moment of the resisting forces
(shéar sé;ehgth)., The computer program employed was developed by the New York
State Depaftmént,of Transportation giving intermediate moment values, a simplified
Factor of Safety, the modified Bishop Factor of Safety, and the critical‘failure
circle, It also employs a search routine which checks for the minimum Safety

Factor, and stops when this minimum is reached,

The ultimate angle of repose for a Stable slope was determined by assuming
& long-range equilibrium condition of the bluff whereby the cohesion reduces

to zgrqlduevpo weathering, and the angle of repose is then the angle of internal

friction of the soil. Below the groundwater table, the stable slope angle is

reduced due to the effects of water pressure, so that the stable angle, B, can
N ~ ] b
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SF = zpb - shear stresses

zMR shear strength

Figure 63

Illustration of modifi

ed Bishop Factor of
safety method.
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.be computed by the equation

SAT

— ta =
souy teR dtan

tanB =

and results in a slope angle about half that of the angle of intefnal friction.
Artesian pressures and excess hYdrostatic pressures due to seepage effects

tend to decrease this stable slope angle even more; however, these conditions
are not prevalent in the bluffs of this study,

Interpretation and Presentation of Results

The engineering properties of the soils along the Lake Michigan coastline
were determined only at particular sites where the boreholes were drilled.. The
properties used in evaluating the slope stability of all the bluffs are a )
combination of averaging the properties of all tests on a given stratum and
extrapolation'of:¥heserpfoperties over a large extent of shoreline based on
engineering judgement.,

Soil properties were therefore considered constant and homogenous for any
given stratum. Stratification was considered horizontal at any given profile,
and variations in stratification along the coastline were determined’using the
section reports of)the geologic field parties,

- The locationof the groundwater table at a given profile was assumed based
on the following criteria:

a, Stratification (Fig; 7). In fine-grained soils, the groundwater table
is characteristically higher than in coarse-grained ﬁaterials.

b. Plezometric readings. Plezometers installed at the boreholes allowed
direct measurement of the actual groundwater level, which was then
assumed horizontal to the face of the bluff, Piezometric records
were applicable, however, only very nearvthe borehole loeation.

c, Seepage zones, The lines or zones of seepage reported by the geologic
field parties were often assumed as the groundwater table since these

very often indicated a permeable layer over & less permeable one,
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ii) Sands 1ii) Sand/Clay interface

Diagram illustrating assumptions used for the position of the
groundwater table under different conditions.
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as in case iili above, in which the pervious stratum would conduct
the flow of water, and therefore be the highest critical groundwater
- level,

Groundwater levels are'generally much lower near the bluff than normd;ly
expected further inland since the water is trying to reach a minimum potential
at the lake level, and therefore has a depressed water table, For the purposes
of this study, the water table was assumed to be’ horizontal, since this is a
more criticel condition than a gradual reduction to lake level, and is very
close to the actyalsshape of the phreatic surface in sands and sand or silt
seams, a condition which.frequently occurs in the bluffs of this stﬁdy.

After extrapolating the stratigraphy, engineering properties, and ground-
water 1evels't6 the recorded profile locations, a safety factor was obtained
for each profile by computer analysis, This safety factor was then interpreted
and again extrapolated over a particular stretch of shoreline. Interpretation
of the Factors of Safety, and extrapolation of the results was based on the
following>éritefia; | | B N

a, Value of the Safety Factor: A Safety Factor less than or equal to one
Was considered an Unsafe slope; that when water pressures build to an equili-
brium value will most iikely cause fajlure along the failure plane indicated,

A Safety Factor between 1,0 and 1.25 indicated a slope of Questionable stability;
that if assumptions made are grossly in error, if groundwater conditions change,
or if wave erosion or surface degradation change the profile shape, that a
failure of a segment of the slope may be possible. A Safety Factor greater than
1,25 was considered to indicate a safe slope condition with little probability
of failure.

b. Vegetation cover. Vegetation affects the surface runoff conditions
and slope washing, increases the apparent cohesion of the immediate slope face,

and in general indicates a slope not undergoing active erosion., Therefore, the
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amount and type ofﬂvggetation was often considered in interpreting the stability_
of a particular stretch of shoreline,

¢c. Nature of failure, Based on the principles outlined above in determining
stable slope apgles, if the shape and pature of thg slope profile seemed to
indicate a stable slope despite the célculation of a low Factor of Safety, as
in the case of gccumulated slump material at the toe of the bluff, this was
considergd_in the_interpretgtion of the results,

Desqriptive:assessments of *he slope stability along a long Stretchbof shore-
line was made using the terms Unéafe, Questionable, or Safe, with modifications
noted where aPplicable.; Divisions between areas of different safety indicators .
were pasqd_on‘thevvisual observations desc?ibed in the reach or section reports.
by the geq;ogic field parties.

The level of confidence of the information available varies considerably.
along the shoreline, and is therefore also indicated onbthe section maps, . The‘
engineering properties of the mgterials, the groundwafer conditioné, and slope
configurations are most accurate right at the boreholes, and are given the highestv
level of confidence, This information may be 9xtended both north and south of
the borehole with :easonable accuracy so‘long as thg stratigraphy is known and
is consistent, or the lateral distances are not too great; thus, these areas
have been designated'aé a second level of confidence, The-lowest level of con-
fidence is then assigned to those areas where the stratigraphy is not at all
apparent, or that are far from any borehole, |

The stability line, . negiecting wave erosion, was obtained by‘extending
stable slope angles from the toe of the bluff to the top of the bluff,‘and the
corresponding setback in feet of the bluff ridge measured., Thus, this setback
indicates a minimum retreat of the bluff top necessary to insure stable slope

conditions, provided the toe of the bluff is protected from further erosion,
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There are a number of assumptions that have been made in analyzing'the
bluffs along the shoreline that require a certain amount of caution in.aSsessiﬁg
the absolute reliability of ‘the engineering judgemehts made. All of the
engineering properties have been averaged, assumed homogenous and consistent
throughout any given stratum and the stratigraphy has been assumed horizontal
and continuous$, These conditions may prevail at a partiéular site, but may be
drastically different from those in the near vicinity. Thus, the extrapolation
of ddfa is precarious, and the agsignment of Unsafe or Safe slope designations A
must be.viéwed wifh a certain degree of scépticism. These extrapolations are
to be used as a guideline or an indication of general éonditions'albng,the
shoreline, but should not exclude detailed geotechnical subsurface investigations
at any particular site to assess its slope stability. It should also be men- |
tioned that these Safety Factors do not iﬂdicate large, dramatiﬁ failureé, but
consecutive failures of a smaller éxtenf; thus the term 'Unsafe' does not mean
& catastrophic landslide always, but rather a high probability.of suﬁsequent
erosion by mass wasfing. Finally, the methods used in analyzing the stability
of the sibpeS'do’not account for surface slﬁughing, solifluctiqn, mass flows,
slope wash , or wave erosion which must also be considered in determining the
ultimate stability of the slope, or the ultimate rate of retreat of.the bluff

top.

L S
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SLOPE FAILURE AND BLUFF RETREAT

Causes of Slope Failure

On all hlllslopeé gravity acts to move;material on thelslope to a lower .
position;' On ﬁbst hillSlopes.which are undisturbed by man, and Wheré streams
or waves aré_an cutting at the base, an édjuétmentris reached through a fairly
1ong period.of'time go that the glope'angle is adjusted to the stresses actihg
to move material down the slope and to the resistance of the materials in the :
hill to-the.strésses; Thus on the bluffs on the Lake Michigan and Lake
Sﬁpérior shofelineévtwo major‘variables.control the rate of bluff recession
ngd tﬁe angle of:the.SIOpe at any given.tiﬁe. The natufe of the materials:
(primariiy the grainisize‘distribution) and thé ﬁmount of shear stress on the
matefigls in fhe slope. Thé detailed discussion of the engineering character-
1stics of~mate;iais 1n.the'b1u£fs and the engineering data presented in the
’appendigies'ié discussed undér‘engineering methods. |

“The shéaf stress of the mate;ials.in‘the:bluffs‘1s primarily determined
by the .bluff heighf and the anglé of the3slopé.V]Undercutting;at the toe of
the slope'bf WaveS‘steepens‘the slope_and increases the shear stress. Along .

'theALake Michigsan and’Lake‘Superior shorelines this ié the procéss that is

primarily responsible for causing slopé_failure Withip the siope itself. 1In
the fo11owing section of this report We.will look at prgcesses-actiné at fhe,
toe of the*éiope which.fend to increégé shear.sfress-on s;dpe materiéls-and-

then examine:the résu1ting s1ope.failure.

', Processes at the Toe of»the Bluff
As pointed out abqve,.the.basiq cause of.slopé failure and bluff fecession'
on the Great Lakes—shorélinés is wave-érosioﬁ’at thenbase of the bluff. The
amount. of wave ‘erosion at the base of_therbluff-is directly related fo‘thé
type of material at the bluff baéé and aléoltb the energy of the waves which

break against the toe. 'The_amoﬁnt of energy going into toe erosion is, in turn,
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related to the slope of the beach and offshore areas, the orientation of the-
beach as it relates to the orientation of large storm waves, the fetch or
distance of water over which the waves can develop and the elevation of the
water surface relative to the elevation of the base of the bluff. Both in

Lake Superior and in Lake Michigan, storms with northeast winds tend to ﬁroduce.
on average the largest waves, and therefore, beaches exposed to these waves
generally have the most severe erosion problems.

Materials on the beach are moved up and down perpendicular to the shoreline‘
as waves break and wash, then backwash, on the beach surface. -Since waves
usually strike the beach at an angle, there is usually net transport of
material in one direction parallel to the beach. This movement is what is
called -longshore drift and occurs on the beach surface as well as in currents
just off shore, which are called longshore currents. Thus, at any glven place
and time on the beach, material is being moved in from one direction and moved
out in the opposite direction. Because waves and currents responsible for this
sediment transport have a prevalling direction there is a net transport of sahﬁ
in one direction over a period of time. Along most of the Wisconsin shore of
Lake Michigan, the prevailing longshore drift is southward. In Lake Superior
the prevailing drift is westerly along most the Wisconsin shoreline. _ | :

Because of the movement of sediment within the wave zone, the width of.
the beach and the size of materials on the beach vary with time. In hatural
situations where man has not interrupted thevlongshore drift system, the slope
and size of the beach is often adjusted so that the material on the beach can- o ) :
be carried as longshore drift, Thus, beaches with coarse material are usually
steeper and waves strike the beach with greater force than sand beaches with
lower angles where waves break further away from the water's edge. Becausé most
sediment in the longshore drift system is derived from erosion of the bluffs

the volume of coarse material in the bluffs is important, If sufficient amounts’
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ofbcoarse sediment ére available, a beach can be maintained and.actual erosion
of the _toe is reduced. If the bluff material is .rel'atively fine—gra»ined, a
large volume of bluff must be eroded for the waves to bui;d a Stable beach and
maintain the»lﬁngshore drift system.

Man-made structures can influence the longshore drift system in a number
of ways. Bréakwaters, those-structures which are shore parallel and built in
the water, pfevené large waves from breaking against the shoreline. Thus,
material traﬁsﬁorted»by the longshore drift system tends to accumﬁlate behind
the breakwateré and the bluff behind the breakwater is protected. This can
be seen in a number of areas along the Lake Micﬁigan and Lake Superior‘shore-
lines (Fig. 8). Groins and some piers also tend to stop sediment which is
moving in the longshore drift system. In these cases, sand accumulates asva_'
fairly @1de.beach on the up-drift side (generally north oOn the Lake Michigan
shoreline) and the base of the bluff is protected from breaking waves.

Another result of these structures, however, is often an increase in erosion
on.the down-drift side of the structure. This takes place because waves strike
the shoreline in this position and tend to move the sediment in the down-drift
direction. Because the sediment supply has been cut off by a structure, the
beach width 18 reduced or the beach is removed completel& and increased erosion
takes place at the"bluff toe (Fig. 9). Thus, knowledge of beach process and
the possible éffeét of ahy structure is necessary before structures are placed
along the shoféliné to prevent increased erosion. |

Another way in which man can attempt to reduce fhe amount of erosion at the
toe of the bluéf iﬁbolVes direct piotection of the toe from wave erosion.
Usually the kinds of structures used afe revetments, which are commbnly plles
of coarse rock debris, of concrete slabs along the toe of the slope, or
bulkheads, or seawalls, which are generally made of poured concrete. These

structures do not interrupt the flow of sand in the longshore drift system.
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Oblique aerial photograph showing the effect of a breakwater.
Note vegetated slope behind the breakwater and active erosion
just to the left (south) of the breakwater. Location is

T. 5 N., R. 22 E., Section 24, Reach 7, Milwaukee County
(oblique R-21, 34). '

Oblique aerial photograph of the effect of a groin on
shoreline erosion. Note the wide beach between the groins
“and the narrow beach and actively eroding bluff to the
left (south) of the groins. Location T. 6 N., R. 22 E.,
Section 25, Reach 8, Milwaukee County (oblique R-20,23).
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In many areas the beach in front of these structures is removed by erosion

and the structures absorb fairly high wave energies. This can result in under-
cutting of the structures as waves erode the loose éediment at the base, As
waves begin to break directly against the structure, the structures are of ten
overtopped and water from the breaking waves can erode matefial beﬁind the

wall or infiltrate the area behind the wall and contribute to collapse of the

structure (Figs. 10 and 11). Aithough at considerable expense, it is possible

to artificially nourish the longshore drift system when insufficient quantities
of material to form a beach are available. |
The fundamental cause, then, of bluff retreat along our Great Lakes shore-
lines is erosion at the toe of the bluff. In most areas this is a natural
process which has been taking place for thousands of yéars, especially at

times of high water, 1In most situations any attempt at bluff stabilization

‘'will also have to control wave erosion at the toe. Even when this is controlled,

however, bluff recession will continue until stable slope angles are reached.
In areas of high bluff with relatively weak materials, hundreds of feet of
bluff recession might be necessary before a stable slope angle is reached.
Thus, in areas which are already developed close to the present bluff top,
stabilization of the toe is not the only solution. We must look at processes
on the bluff and matefiais in the bluff to predict what stable sloﬁé angles
might be and to:deQelop possibie methods of slope stabilization. 'Aithpugh

the methods of élopé st;bilization and estimates of cost will be discussed

in another report,‘we wiil diécuss the types of slope failure taking piace and‘
the kinds of materials in the bluffs.

Types of Slope Failure

Most bluff retreat takes place by slope failure (landslides in the
general sense) rather than by erosion by surface water crossing the bluff,

Although runoff from rainstorms can remove considerable material from the



Figure 10.

Figure 11.
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Photograph of seawall showing old collapsed seawall in
foreground and new seawall in background. Both walls are
being overtopped by waves (note gravels above wall and
erosion behind wall in center of photograph). Location
is T. 9 N., R. 22 E., Section 20, Milwaukee County
(structure 20.7)

Oblique aerial photograph of collapsed seawalls. Note
the amount of erosion that has taken place since the sea-
walls were built. Location is T. 8 N., R. 22 E.,

Section 33, Reach 10, Milwaukee County (oblique R-17, 20).
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bluff face if the vegetation cover is sparse, the lack‘of vegetation is an
indication that sliding of materials down the slope‘is also taking'place‘at

a fairly rapid rate, The terminology used in this report to desc:ibe various
kinds_of fallure is that used by Varnes (19585.‘ Three major divisions of slope
failure are‘made'iﬁ this‘classification. The first is rock or soil £all. This
type of failure takes pléce when undercutting is extréme and near verticai
¢liffs are produced. Although some near vertical slope segments are present

in meny of the profiles along the eroding bluffg, these ar:e generally ‘fairly
small and fali of métarial from vertical faces has relatively,little impor=-
tance except along some.bedrﬁck ¢liffs in Door Coﬁnty and on the Bayfield |
Peninsﬁla.

The sécdﬁd type of slope failure is sliding. In thié tybe'of failure the
material that.is béing moved 1s relatively undeformed and generallyfmoves aloﬁg‘
& gingle slide plane. Two types of slides are very common along the bluffé
of Leke Michilgan and Lake:Superior. On most of the slopes which have yéry
little vegetation*at»the présent time or vegetation is only present in
patches, ftanéiatiééal sliding 1is taking‘place (Fig.:IZ)F‘ This type df failure
involves a surface layer several inches to one or two féet thicklsliding eithei
rapidly or fairly slowly down the bluff. Where recent slides have taken place
slickengides or grooves left by_the‘sliding mass are often present on the slope
abovef The growth of ice crystals within the soill dufing winter monthé wgakens
the structure of the soil and increases the possibility for-this type of slidiné
and flows, especially during the- spring as the intergranuiar ice melts. Aiong
some parts of the shoréline, espepially where much of the bluff is made up of
ﬁassive lake sediment and fine~grained tills, this failure type is probably |
the most.important in causing bluff recession, Withéut detailed measurements,

it is impossible to quantify the effects of this process, nor can the proceés
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Oblique aerial photograph showing bluff where shallow
slides and some flows are the common mode of failure.
Note the almost complete lack of vegetation on the slope.
Location is T. 10 N., R. 22 E., Section 3, Reach 13,
Ozaukee County (R-13,8).
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be predicted in more than a general sedse. Thus, the engineering anélysis of -
factor of safety which is given in the Appendices excludes analysis of this type
of slope failure and concentrates on another type of slide called slump. |

The term slump is used when sliding of a fairly }arge mass takes plaée along‘
the éurved surface, - The slide mass is»actually'rotated and often the top of‘the
slump block is tilted back toward the hill slope (Figures 13 and 14); ~Slumping
usually takes pléce fairly rapidly and the movement of oné slumb block:caﬁ femove
up to 50 or 100 feet of bluff tap. Slump blocks this large occur in southern
Ozaukée County (Reach 13) and remnants of large slump blocks are present in northern
Milwaukee County (Reach 10). Thus, this type of failure could result in the loss
of human life and considerable property damage. The.analysié'of predictiop of
this type of failure lis diséussed under Epgineering Methods. 

The third major type of failure is flow, With thié kind of slope failure
large amounts éf_watér are present and the soll mass actually 1iquifies and flows
like a fluid. Some flow commonly occurs at the toevéf-slump'blocks during and
relatively soon after failure. Since slump blocks do show rotation and the top of
the block is often tilted back toward the bluff surfaée water can accumulate in these
depressions and‘satufate the underlying soil. This often creates‘an unstable situa-
fioﬁ and flows away from the basé of the slump block are relativeiy cdmmon..vMinor
shallow flows also occur when intense rains saturafe the surface layer of soil or
in thé spring as intefgpénular ice melts near the soil surface andvvgri wet condi-
tions occur. | |

Minor flows can also be seen where groundwater discharges along the bluff

face in silt or fine sands., If these slightly more permeable units occur between

less permeable units, this removal of sediment by flow due to groundwater discharge
is referred to as sapping,.énd can cause undercutting which createé an unstable

slope in which slumping or sliding will occur.



Figure 13.

Figure 14.
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Oblique aerial photograph showing relatively large slump
blocks. Note the scalloped nature of the bluff top
produced by this mode of failure. 1In right center of the
photograph is a flow which took place after failure by
slumping. Location is T. 10 N., R. 22 E., Section 21
Reach 13, Ozaukee County (R-13, 25).

JET—

Oblique aerial photograph of bluff showing numerous closely
spaced failure plains. These failures may be fairly deep-

seated. But failure is along numerous plains as opposed
to along a single plain as in Figure 15. Location is

T. 5 N., R. 22 E., Section 25, Reach 13, Milwaukee County
(R-22,12).



G

35

Effects of Groundwater on Slope Stabilit.yb |

Rainwater falling on the ground surface landward of the bluff face often
percolates throuéh the soil ahd enters the groundwafer system. In most-gfeas
along the Great-Lakqs shorelines this water moves toward the lakes and diScharges'
either>at orvbeiow the.base of the bluff directly 1ﬁto.thé 1§ke, or out of tﬁe
bluff at soﬁe position above lake level. The presence of groundwater in soil
materials of the bluff can affect étability in several ways. Just the presence
og water below the water taﬁle where all of the poreéubetween grains are filled
with water deéreases the grain-to-grain contact pressure in the soil and reduces
the fr;ctional resistance of the material to a stress. If Water_is removed -

from the soil the bluff materials become more resistant to slope failure.“ If

~the groundwater table slopes toward the lake, as it does i1n most of the bluff

areaé, groundwater moving between the grains also creates é seepage'ﬁressuré_'
in the direction»of water flow. "This pressure is espeéially'importaﬁt in gran-
ular soils sudh aé:sénds‘and siltsiand'is less impdrtant when the content Of-clay
1s feirly high. Assumptions made‘in_the engineering_analysis'éﬁout the ground-
water movement ;nd water level are discﬁssedvin thé section on engineeriﬁg
methods; |

If groundwater actually discharges along the bluff face some undércﬁftiﬁg,
of materials also occurs. If the amount of water is éufficient, sapping of_‘
material will actually take place and this cqntfibutes fo.thé amount of bluif
recession. Removal of bluff materialslby ground water is especially 1m§ortant
when sand units are either interbedded with fine grained materials or a;e
presentiat.the b;uff top. When present at the bluff fop 1érge amouﬁts of water
pepcoléﬁe throqgh‘the sand until a less permeable material is reached and the
water then travels laterally foward the bluff face. in some cases relatively
large semi-circular ravines are cut along the'bluff top due to this process,
An excellent example of this (Fig. 15) 1is just north of Grant Park ;n southern

Milwaukee County. ,
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Oblique aerial photograph showing failure taking place because

of groundwater sapping beneath sand. Water enters the ground-
water system through sand which is the surface material here

and flows outward along fine~grained material. Sand is then
carried by flows to the beach as groundwater discharges along

the edge of the bluff. Location is T. 6 N., R. 22 E,, Section 36,
Reach 8, Milwaukee County (oblique R-20, 34).
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Effects of Vegetation

The presence of vegetation, especially forest vegetation, along the blufft

face indiéates fairly long term stability. Bluff faces in the protected terrace
areas (Fig. 16) show @ nearly continuous vegetation cover and very little evidence
of active slope failure. It should be noted that thé vegetation cover is present
because the toe is not being undercut and because the slope is stable and not that
the glope is stable because of the presence of vegetation. The presence of vega-~
tation does affect the amount of erosion that takes place.by sheet wash or overland
flow of rain water, It probably also has some effect in decreasing slow'types of
mass movement such as soil creep. The vegetation will not, however, decrease the
amounts of blﬁff récession that are due to sliding and relétively deep-seated slumps
unless the toe 6f the slope has been protected and’ the slope aﬁgie has reached a

fairly stable position,

Changes in Slope Failure and Bluff Recession through Time

ChangesL%n ratés of bluff recession and types of slope faiiﬁre téke place
over time. Laké level fluctuations change rates of toe erosion. In addition,
styles of failure on the bluffs change over even shorter periods of time.

It has been shown (fér example, Berg and Collinson, 1976) that high water
levels in the Great Lakes cause more rapid recession of the bluffs. When water
level is 1oW, wave ehergy is expended as waves break along the beach. When water
levels rise, waves begin to beat directly on the toe of the bluff and energy
from the waves.erodes the bluff material. The base of the bluff is then unde;cut
creatipg unstable conditions in the slope above., This is followed at some
later time by slope failure and the movement of material down to thg base of the
bluff, As water levels in the Great Lakes decrease the beach again widesn and
much of the wave energy is taken up by beach sediment transport. ‘There is a

time lag, however, after the water drops because materials in the bluff take time

to form a stable slope, It is for this reason that recent that studies (Berg and
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Obligque aerial photograph of wooded bluff behind natural

terrace. Most of the terrace edge is protected from erosion = . 5
by revetments. The bluff behind the terrace is stable, Loca-
tion is T. 8 N,, R. 22 E,, Section 21, Reach 10, Milwaukee
County (oblique R-16,27),
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Collinson, 1976) have shown that there is about a 4-year time lag between water

~ level highs and corresponding high rates of erosion and water level lows .and

corresponding low rates of erosion along the Illinéié shoreline of Lake-Miéhigan.
Thﬁs, even after water levels begin to fall and wave érosion isvdecreased,>b1uff
recession ®ntinues af a fairly high rate until the bluffs have réached a stable
slope angle. . It can‘be seen then that kﬁowledge of the nature of the material in

the bluffs and the kinds of failures that are taking place is important in determining

any shdrt—term measures to reduce the rate of bluff retreat,

Short-term chénges in rateg of toe dutt;ng and bluff rétreat also occur,
During the:winter, ice often protects thé toe from wave erosion and relatively
little cufting takes place. in spring, melting of intergraqular ice_prqduceé wet
conditions and shallow slides and flow are common;  Edil and'Vallejo <i977, in préss)
have done detailed studies of bluff retreat af Port Washington and Kéwaunee.r They
suggest that in moderately high bluffs at Kewaunee where the middle and lower bluffs
consist of silty clay, slope evolution is by nearly parallel retreat in the middle
parts of the slope, caused by shaliow translational slides and flow (Fig. 17). Port
Washingfon, whe;e higher bluffs oécur, the‘slqpe seems to begin eVolutiqn by a
series of slumps working their wéy from the toe up to thé bldff tép. ”This changeé
a convex bluff profile to a concave one wifh a steep top énd_é flaéter lower por-
tion (Fig. 18). The next phase is retreat takes place by slumping i# the uppet

parts of the bluff terminating in a uniform slope.
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Figure 17, Diagraniatic sketch of slope evolution along the bluffs

at Kewaunee, Wisconsin (from Edil and Vallejo, in press).
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Figure 18. Diagramatic sketch showing slope ‘evolutlon ‘along the
bluffs at Port Washington in Ozaukee County (from Edil
and Vallejo, in press).
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GENERAL SHORELINE CONDITIONS

'ThroughOut the reaches studiéd during this investigation, a wide variety
of shoreline types and associated erosion processes were described. Although

detailed information about specific localities is available in the appendices and

should be used if available, in this section we discuss general shoreline condi-

tions of Lake Michigan and Lake Superior, and provide somé specifics on reaches
examined in detail.

Very little of the shorelipe is bedrock. In Bayfield County, especially on
theanyfiela Peninsula, bedrock makes up the lower or sometimes ‘the ébmpiefe bluff,
This bedrock, primarily Precambyian-age sandstone, is sdmewhat mdre-fesistanf to
wave erosion than the unconsolidated glacial desposits. ThereAare,‘however; ﬁfeés
where erosion of the sandstone is taking place. Similar sandstone blufifs occur
on Madeline Island and other of the Apostle Islands. Paleozoic age dolomite bed->
rock outcrops occur on fhe beach'in a few places in Racine, Milwaukee, Sheboygaﬁ;
and Manitowoc Counties, but bedrock does not make up a substantial amount of the
bluff in any bf fhose areas. In Door Counfy numefous bluffs are made uﬁ of dolomite,
but these areas were not studied in this project.

Since pgst glaciation 1s primarily responsible for the presence of bluff

materials, the glacial history df the Great Lakes is discussed before the individual

reach descriptions.

Glacial Histofy

The Great Lakes baéins were deepened and widened during glaciation which
took place over the last one to two million years. Glaciers flowed out of the
north and northeast down the Lake Michigan basin into Illinoié,.d0wn the Green ﬁay-
Lake Winnebago léwland to a position near Madison, and down the Lake Superior basin
into northern Wiscbnéin and Minnesota (Fig. 24). Successive ice a&vances énd

retreats have left a series of unconsolidated deposits whibh, except in the bedrock



areas of Door Cbunty and the Bayfield Peninsula,_make‘up the bluff materials.

Lakes larger than today's formed in the basins betwéen each succeeding glaciation and
so the layering which is observed in the bluffs records a geologic history'of al-
ternating lakes and glacial cover, In some places where glacial deposits are
relatively thick or.are‘at higher elevations, the height pf the bluff is well over
100 feet. In other places where glacial deposition and erosionvleft the‘lanq surface
at lower elevations thé bluff heights are considerably lower or are nonexistent.

Lake Michigan

Although humerous ice advances contributed to the formation of the Lake
Michigan basin, only the last few have left a record of depositS'which aré now
exposed in the eroding bluff, Materials deposited directly by glacial ice are called
" till, Till is usually poorly sorted (has.a large range in grain size) and it usually
does not show sfratification or layering that is typical of water-deposited sedi-
ment, Tﬁe till deposited by a single ice advance is usualiy relatively uniform
over a fairly large area and thus mapping and correlation of the tillé éllows the
development of a stratigraphic framework which gives some order and predictability
to the aerial and vertical distribution of deposits.

Details of the distribution of glacial deposits in the area along Lake Mich;gan
are given in Alden (1918), Goldthwait (1907), Thwaites and Bertrand (195?), Brunning
_(1970), and Mickelson and Evenson (1975), Many tills have been named in Illinois
(Willman and Frye, 1970; Lineback, Gross, and Meyer, 1974), but in this report'
tills will be numbered and correlation with Illinois tilis will be suggestéd.
A summary of these units is shown in Figure 19. Grain size of the tills is given in
Figures 83, 84, 85.

The oldest tillwexposed along the LakebMichiéan shoreline is a‘coarse, séndy
till (usually over 40% sand) with a large number of cobbles and boulders (till 1A,
Fig. 19, 20, 21). This was probably deposited before 14,000 years ago, and

probably correlates with the Haeger till of Illinois. In the southern part of
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Map of the Lake Michigan basin showing the apprOXimatef
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Figure 21.
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Oblique aerial photograph of the bluff showing beach

littered with boulders where till 1 is exposed at the
base of the bluff. Location is T.6N., R.22E.,

" Section 24, Reach 8, Milwaukee County (oblique R-20,

14).
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the sféte} in Racine and-Kenosha Counfies, this till is béiéw léke level and the
southernmost exposure of the till is just SOufh of the city.of Miiwaukee,in‘
ReachNB, Sections 23 and 24 (see next chapter), Here it is exposed in the lower
,10 feét of the b;pff where it contributes a great deal of cOarse.material to the
adjaceﬁt beach (Fig. 21). North of thé city of Milwaukee, tilIl 1 is exposed moré
commonly near fhe.béée of the bluff all the way into Kewaunee County.

Till lB,‘a thin; grey, usually sandy-silty till (Fig.vl9)-direct1y overlies
till 1A at maﬂy localities. This till is generally much 1ess‘cob51ey and bouldery
than 1A.: It is uéually only 6-10 feet thick. It is not clear whether. a till.

‘ correlative with this océﬁrs to the south in Illinoisvor<6n fhe surface west of
‘Lake Michigan in Wisconsin. Since no large amount of lacustrine sediment has been
seen between tills 1A and 1B, they may represent the sémeképisode of glac;ation;

As the ice which deposited this till retreated into the lake basin an ice marginal
lake existed for a short period of time throughout the area §f the present lake.
However, another glacial advance which took place approximately 13,500 years ago
came out o; the lake basin at all points and destroyed much of the evidence of these
formér'lakés. This later advance depoéited a much finer gfained t111, (till 2),

_ probgbly because of the incorporation of the lake sediments which had been deposited
eﬁrlder (Fig. 19). vThis tili ttill_z) is called the Wadsworth till intillinoisksl
énd it makes ub much of the bluff in Kenosha, Racine and Miiwaukee Countiés. it’

is also breseht, alfhough much thinner, towardsrthe‘northét 1eé§f 1nto‘Ozaukee'
County.' The ice advance which deposited the Wadsworth tiil was'éétuélly probaﬁly
séveral ice advances very closely spaced in time and in some'ﬁlaces lake sediment

is between nearly identical till units (Fig. 19),

Units A, B, and C of till 2 can be distinguished in some places such as
éouthern Milwaukee County (sge next’ghabter) but, because the‘units are so nearly

identical, they cannot be separated without physically tracing the units. 1In
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.horthern Racihe'County and ﬁorth of Milwaukee, exposure is insufficient to sub~

divide the units within till 2, For all practical purposes, the units are the
séme.as far as their bhysical and engineefing properties.v |

As the.glacier Wh?ch deposited this till retreated»into thé.northern part 
of Lake Michigénz Bés_in, a‘laké (called Glaciai Lake Chicago) filiéd the '.sduthern”
paft of the basinvandcbained.through an outlet near‘Chicago intd;the Missiééibpi
River, _The elevation of the highest shoreline featﬁres and lake deposits from‘this
1lake aré now at an elevation of 640 feet (called thé Glenwood Sfage,"Fig, 22).orv
ubout,éo feet above the présent lake level. Fairly well developed beaches are
present in Racine and Kenosha Counties and also in southern Milwaukée County where
thgy exist as ridges‘of sand roughly parallel to the 640-foot gontodr; lThus, all
of the bluff south of Milwaukee which ;s at an elevatiqn of iess,thaﬁ 640 feet .
has till 2 cabped by sediments deposited in this lake, The grain size of~fhé'
sediments varies from sand near the edges of the former lake to silts and clays
which were deposited-in deepef, quieter water;

‘Approximately 13,000 years ago glacier ice again advanced (Fig.l9') down the
Lake Michigan basin aﬁd this time stopped just at the city.df'Milwaukee.. The tek—
ture of fhe till of this advance (till 3A) is roughly the same as_that éf till 2
although“it has more sand and a reddish cast which is nbtlpresent in Racine and
Kenosha Counfies (Fig. 19). South of the glacial border of this éo-called Poft
Huron édvance (Fig..22), glacial Lake Chicago remained at the Glenwood‘(640') ievel
throughout the time ice wasiin the Lake Michigan basin. _Aﬁother similarfredd;sh
t111 (till 3C) was deposited by a slight readvance of ice very shortly after this.
In a few places between (see reach reports) a sandy'unit‘ttill 3B) exists. This
may represent a readvance of ice or simply débris-dropped from floating ice.

As the ice finally retreated out.of the northern part of the baSin a new
outlet developed at the Straits of Mackinac and the level of the lakevdropped from

the Glenwood Stage to some level below present water level, At this time
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From Hough, 1958.
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Diagfammatic sketch showing the fluctuation of lake
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Figure 22.
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(about 12,000 fears’ago) spruce forests were present along.the edge @f Lake Michigan
_aﬁd‘as ice again advanced into the Lake Miéhigan basin near the Straits of Mackinéc,
the northern outlet was blocked and the water level rose flooding the spruce forest
and killing the trees. Parts of this buried forest are preserved today in the |
lake blﬁff in Manitowoc and Kewauneé.Counties (Black; 1970). At‘oné,lbcatiﬁn‘at
the Maﬁitoﬁoc—Kewaunee county lines (Black, 1974) this Two Créeks forést bed is
being preserved aslé state park. When lake level rose again it proﬁably returned
to the Glenwoéd level, but while ice was still at its terminal moraine ﬁear the

'city of_Two Rivers tﬁe water level dropped to the lower Calumet stage at abpfoxi—
nately 620 feet (Fig. 22). The level of the lake did not rise again to the Glenwood
‘1eve1; thus, there are no Glenwood shorelines north of the city of Two ﬁiveré_

- (Fig. 23). This ice advance {Fig. 19) which covered the Two Creeks forést bed;
deposited a clayey, red-brown till (Two Rivers Till) with very few pebbles or coarse
material. After about‘ll,OOO yvears ago ice retreated from the Lake Michigan basin
for the last time. | | |

Since that time, lake levels in Lake Michigan have fluctuated because of
changes,in_outlet position, erosion of the outlets, and changes in elevation: of the
outlets due to glacial rebound. Although for short periods of time the lake was at
a variety of different levels the best beaches that developed in these later lake
stages are at an elévatioﬁ of about. 605 feet (Fig. 22). These were cut duriﬁg
three stages of Lgke Michigan, the Toleston stage, the Algonquin stage, andlthe

Nipising stage. At the present time, old lake bluff and a wave cut terrace.at
this elevation at some locations. Most of the terraces which are 15 to 20 feet
above_présent lake level in the Lake Michigan counties are due to erosion at this
time.

Lake Superior

Early glacier advances of the Lake Superior lobe into northern Wisconsin

deposited a sandy, bouldery till much.like that deposited in the 15,000 year old



Figure 23.
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advancefin'thé Lake Michigen basin, except that it is red-brown 1notoad of buff
in color. This till extends to a terminal moraine which entora the state from
Minnesota near the town of Hudson and continues eastward just north of Eau Cluire .
to the town of Antigo in Langlade County’(pig. 24). Although the date of this
advance is not confiroou,ﬁradiocarbon dates in Minnesota (Wrtght, 1971),suggestv
that ice was at 1ta terminal position between 16,000 oud IB,OOO'years:aéo. As in
the Lake Michigan oasin, the ice retreated from 1tovmax1mum position in a serieo of
steps with minor readvances betwoen. Most of the till present along the shoreline
of Lake Superior tn Wisconsin is more olayey and silty‘thau earlier tills and was
deposited during these later stages of ice retreat. The exteut of these readvances
- has been well documented in Minnesota (Wright, 1968), but relatively little is
‘known about the extent of these advances in Wisconsin, although some work has been
done (e g., Leverett, 1929; Farrand 1869; Mengel, 1970) | |
At _some point during the retreat of glacial ice, a lake called Glacial Lake
Duluth (Fig. 25) formed along the ice margin and this lake was present throughout
much of late glacial time in the Lake Superior basin. The highest shorelines of
this lake exceed 500 feet above present lake level and can be seen on topographic
maps in Dougias, Bayfield and Ashland Counties. In this areaa thick_sequenco‘o:
lake sediment primarily composéd of silt and clay makes uo the bluffs, 1In some.
,,locations thé underlying“tili ts exposed fairly close‘to water level, Compured to

Lake Michigan very little coarse material is available to the longshore dirft

f‘ system within the . lake, and with the exception of areas around incoming streams,

",}shoreline erosion is prevalent in the areas where unconsolidated material makes

up“the bluff,
The great-extent of fine-grained lake sediment and till back from the shore?
line creates a large volume of suspended material which enters the stream sygtem

and then enters Lake Superior. BSilts and clays in the eroding bluffs also contribute
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Figure 24. Glacial map of the state of Wisconsin. Note the extent
'of lake sediment around the Lake Superior shoreline.

after Thwaites, 1956 -
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to a high-suspended sediment load in coastal Lake Superior water, especially off
Douglas and western Bayfield Counties.

Glacial Lake Duluth did not rise and fall in a series of stages as Lake
Michigan did, but remained at a fairly high level (about 1,000 - 1,100 feet above
sea level along the Wisconsin shoreline) (Farrand, 1969) while drainage from the
lake went thréugh the St. Croix River system and into the Mississippi drainage.

As the retreating glacier ice reached the Keweenaw Peninsula water from the ice-
dammed lake began to drain across the Michigan Peninsula and into the Lake Michigan
basin. A minor readvance, possibly correlative with the post-Two Creekan readvance
in the Lake Michigan basin evidently took place at about this time because in
eastern Ashland and Iron Counties a thin, red-brown, clayey till overlies the lake
sediment in the bluff,

As the ice continued to retreat lake levels in Lake Superior dropped in a
series of’short-lived stages (Fig. 25) to an unknown level when water began draining
out the present Lake Superior outlet. By this time glacier ice had retreated from
the Lake Michigan basin and Lakes Michigan and Superior stabilized at a level of
605 feet (Nipissing stage). Since that time lake level probably dropped for a few
thousand yéars and then has risen to its present level of about 600 feet above sea
level. Throughout much of the lakeshore, lake level continues to rise very slowly

(with fluctuations due to climafe) because of the glacial rebound of the lake outlet.
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REACH DESCRIPTIONS

This chapter includes a general description of the shoreline from the Illinois
state line to Manitowoc on Lake Michigan and the Wisconsin part of the ﬁake Superior
shoreline. Much more detailed information is available in county appendices (see
list of appendices at beginning of this report) which can be obtained fram the
State Planning Office,

Reach 1

Erosion reach 1 of the Lake Michigan shoreline is located'in southern Kenésha
County, in Township 1 North, Range 23 East (Fig. 26)., The reach is about 4%-
miles long and extends from the Illinois state line on the south to the Kenosha
city limits on the north; it thus includes the entire stretch of shorelinevknown
iocally as Carol Beach. This 4i-mile segment is considered to.be the most critical
reach of the entire Lake Michigan coast in terms of shore damage and recession rates;
it has the highesf priority of all reaches, with a per-mile value of 32. The
reach is discussed in detail in Appendix 1.

The northernmost half-mile of the reach is owned by the Wisconsin Electric
Power Company and is currently unused except by trespassing motorcycle enthusiasts,
who ha;e desecrated a beautiful and scientifically valuable coastal area of sand
dunes and natural prairie, Except for this power company property and the Trident
Marina development at the extreme south end of the reach, the entire reach is sub-
divided into residentiai lots. Although the density of houses is considerably
lower than in some other non-urban segments of the shoreline, new home construction
was very apparent during the summer of 1976, In contrast, during the past few
years a number of houses have been destroyed as a result of shoreline recession or
have been relocated in order to prevent their destruction,

Beach widths in Reach 1 range from O to about 110 feet. Variations in beach

‘width over short distances are common throughout the reach, most of the changes

being controlled by shore protection structures. In one area, for example, the
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beach widens from 15 feet to 110 feet in less than a quarter-mile; at another
1oca11ty, the width increases from 10 to 100 feet in a still shorter distance,

In both situations virtually no beach is present immediately to the north or south.
Man's extensive modification of the shoreline is largely responsible for those
changes. Natural beach materials everywhere consist mostly of sand with smaller
quantities of gravelly constituents (pebbles and small cobbles).

The bluff in this reach is low, Typically, it is only 4 or 5 feet high and
nowhere does its height exceed 20 feet.” In many places a bluff, as such, does not
actually exist, the rise from lake level to fhe upland surface being nothing more
thanla_gentle beach slope. In other places, however, a distinct bluff is present,
generally ranging in height between 5 and 10 feet; The highest bluff occurs in
section 17 at the north end of the Carol Beacﬁ area adjacent to the power company
property, where the bluff is 18-20 feet high.

Throughout this entire £each, the bluff is composed of fine-to coarse-grained
sand., .Genetically, most of the sand is beach sand deposited during an earlier and
higher lake stage (Fig. 22), but in some places, particularly where the bluff is
higher, the upper part of the bluff is made of dune sand, Thin organic horizons,
mostly organic sands, are interbedded with the beach sands at several exposures.
No deposits of till or fine-grained lacustrine deposits were observed in any of
the bluff exposures.

Shore protection structures are very abundant in Reach 1. Approximately 175
su;h structures were identified and described, despite the fact that a single
structure--a newly constructed dolomite rip-rap revetment--protects the shore for
the full half-mile of the electric company's shoreline at the northern end of the
reach. For the remaining 4 miles of the reach, the density of protective struc-
tures averages about 42 per mile; in one section alone (section 17) there are

nearly 60 individual shore protective devices. This is undoubtedly the_highest
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density of individual structures along the entire Wisconsin coast.

Slope failures in Reach 1 occur maiﬁly through the mechanisﬁ of slump,
induced by oversteepening of the bluff face by wave action at the toe. As a
result, the bluff edge in many places is finely scalloped, particularly where
shore protection structures are absent. Sand slides and sandflows do not sppear
to present a severe problem, despite the presence of seep zones within the sand
units that compose the bluff.

Reach 2, in Townships 1 and 2 North, Range 23 East, covers 3 miles of
shoreline in central Kenosha County (Fig. 26). It is virtumslly coextensive with
the City of Kenosha, extending from the southern end of Southport Park northward
through the downtown and harbor area to the north end of Lake View (Kennedy) Park,
The entire shoreline is protected with stone revetments and other structures, with
the exception of short segments of public bathing beaches at Southport and Simmons
Island Parks. For this reason and also because of the low rank accorded this reach=--
priority rank number 28 with a per mile value of 4, the only part examined systemati-~
cally was a half-mile stretch of shoreline at Southport Park, Data on beach condi-
tions and shore protection structures were also obtained in Eichelmann Park. These
are given in Appendix 1.

Except for the bathing beach area, where the beach is 50 to 100 feet wide,
no beach is present in the Southport Park segment. The bluff is only 5 to 10
feet high, and both bluff and toe materials are everywhere concealed by a continuous
stone revetment, Although materials are not exposed, the bluff is probably composed
of sand. The segment is marked by approximately 12 additional structures, most of
which are old groins that are foday largely non-functional and in need of repair.
Small areas of sand accumulation are found adjacent to one or two of these groins,

but even here the beach is less than 5 feet wide,
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Reach 3

Erosion reach 3 of the Lake Michigan shoreline is located in northern
Kenosha and southern Racine Counties, in Townships 2 and 3 North, Range 23 East
(Fig. 26). It is one of the longer reaches of the shoreline, having a grid
length of éxactly é miles and an actual shoreline distance of approximately 6%
miles, Géégraphically, the reach can be thought of as a suburban coastalvcorridor
that cannects the City of Kenosha on the south with the City of Racine on the north,
Except for only three or four small areas, including the Town of Mount Pleasant
fire station and park property near the north end, the entire northern three-fourths
of the reach is subdivided; most of the lots are occupied by single-family residences,
but a few are usea for apartments and small businesses. Immediately to the south
is the campus of Carthage College, Which extends along the shoreline for a distance
of moré than one-half mile; the rest of the southern quarter is reserved for rec-
reational use and is the site of Alford and Pennoyer Parks, which together are about
6,000 feet in length.

Reach 3 was ranked as the ninth.most critical stretch of Wisconsin's Lake
Michigan shoreline, with a pervmile value of thirteen. In view of the considerable
property damage.and shoreline recession that is currently taking place throughout
much of thié reach, it would appear that the reach should be assigned a somewhat
higher priority. Details on the reach are given in Appendix 1.

4Beéch:conditions in this reach are extremely variable, Beach width, in
particular; exhibits great variability, ranging from complete absence of a beach
in many placés to the presence of an extensive beach that exceeds 275 feet in
width; The mo#t markea change in conditions occurs near thé south end of the
Carthage College‘campgs, approximately 6,000 to 6,500 feeﬁ north.of the southern
boundary of tﬁe reach. North of here the beach generally ranges from O to 40 feet
high, but at the soufh end it is generally 10 feet or less in height. Whereas

the bluff is virtually continuous throughout most of the reach, in the southernmost
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mile it is distinctly discontinuous, as a result of the upland gurface near the
shoreline having been narrowed and in places completely removed by normal erosional
processes near the mouth of the Pike River.

Bluff and toe materials in this reach also exhibit a systematic change from
north to south. In the upper part of the reach the lower two-thirds to three-~
fourths of the bluff is composéd of calcarecus silty clay till (till 2); the till
is overlain by interbedded finé sands, silts, and clays of lacustrine origin (Fig. 27).
Nearly one mile south of the Racine-Kenosha County line fhe till-lacustrine con-
tact descends to lake level, with a corresponding thickening of the lacustrine
sediments, and thence disappears below lake level to the south (Fig. 27). Still
farther south, the lacustrine deposits tend to become more massive in character and
also finer grained. The bluff is everywhere capped by fine to coarse-grained sand
deposits, which were probably deposited in a beach environment, At the southern end
of the reach, however, the low bluff appears to be composed almost entirely of sand,
suggesting that the contact between the sénd and the underlying lacustrine sediments
has also dipped below modern lake level.

Shoreline protection structures are very abundant in the northerﬁ three-fourfhs
of reach 3. Approximately 180 individual structures were identified and described
in the 5~mile segment of shoreline that lies north of Carthage College. These
structures consist of a great variety of both shore-parallel and shore-normal devices,
as well as earthen and man-made materials used for fill, The Carthage campus is
protected by a continuous dolomite rip-rap revetment. South of here, in Alford
and Pennoyer Parks, modern shore protection structures are absent, the only struc-
tures being a series of 40-year old semi-permeable groins that are largely des-
troyed or buried beneath the broad aceretional beach deposits described above,

Except for the Alford and Pennoyer Park areas, shoreline recession aﬁd slope
failure are serious problems throughout the entire reach. Some houses have, in

fact, collapsed during the course of the present study and many additional homes
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situated near the bluff edge are in danger of being destroyed within the near
future. Toe erosion by wave action, gully cutting by small streams and by storm-
water dréinage spilling over the bluff, rotational and planar motion of small to
moderate size slump blocks at the bluff edge, sapping and undercutting within the
bluff caused‘by water issuing from the more permeable layers--especially at the
contacts between layers of differing permeability within the lacustrine sequencé,
and mudflows in the clay-rich till,and fine~-grained lacustrine sediments are all
active mecﬁanisms of slope failure in this reach.
- Reach 4

Erosion réach 4 extends through ;he southern and central parts of the city
of Racine in Township 3 North, Range 3 East, Racine County (Fig. 28). It is
approximately 3%-grid miles and 3 3/4 shoreline miles in length, The northern two-—
thirds of the reach is marked by céntinuous shore protection structures, principally
in the form of offshore breakwaters and'shoreline revetments. These structures
provide protection for the Racine harbor facilities md industrial sites on the
north, Pershing Park and the downtown business district in the central part, and
residential properties farther south., As a direct and indirect consequence of
these'structurés, reach 4 received a felatively low priority for thé purpose of
this study, ranking twenty-ninth on the priority list with a low value per mile
figufe of three. Accordingly, only the southern half of the reach was examined in
our investigation and the fbllowing summéry of conditions is restricted to this'
portion. The northern and southern parts of this segment are residential in
character, with the longer intervening strip being occupied mostly by the City
of Racine sewage treatment plant and the J. I. Case Co. tractor plant. Detailed
maps are given in Appendix 2.

Most of the shoreline has no beach, mainly because of man's past and current
activities. For the most:part, the shore is armored with extensive stone

(dolomite) revetments constructed at the base of the bluff and steel (sheet piling)
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bulkheads built some distance offshore and completely backfilled to form made
land., In some places, however, notably south of the Case tractor plant, a narrow
and discontinuous beach does exist, Nowhere was it found to be more than 10 feet
wide and generally it is between O and 6 feet in width. Beach materials consist of
gravel, broken concrete, stone, Sroken asphalt, dead trees, old lumber, cinders,
iron, aﬁd slag from the old Case foundry,

The height of the bluff in fhe southern part of reach 4 nearly everywhere is
about 40 feet. Bluff materials and toe materials in all but the southernmost 1,500
‘feet of the reach appear to consist mostly of artificial f£ill composed of stone,
brick, glass, concrete, iron, slag, and garbage. In places where na£ura1 deposits
can be seen, chiefly at the south end of the reach, the bluff is maderof inter-~
bedded clays, silts, and éands of lacustrine origin overlying calcareéus gray silty
clay till (tili 2). Thé‘bontact beﬁween the till,and’tbe overlying lake sediments
occurs abou£ a third‘to half-way down from the fop of the bluff (Fig. 29).

~ Although much pf the bluff has been graded and grassed and appeagé to be fairly
stable, slope fgilﬁrg ié evidentvin several ﬁlaces. It is most severe along the
virtually unprofécted shoreline gouth of thg Case féctory at the southern end of
the reach. Much of the failure is directly related to the presence of multiple
seep zones within the more permeable béds, eSpecially‘the sand layers, in the
lacustrine sequence, particularly wheré"the more permeable layers rest on the clay
till and on a massive pink clay layer in the lower part of the lacustrine unit.
Failure occurs mainly in the form of flows and small slump blocks. Toe erosion
is also an important erosional process;

Reach 5

Reach 5 runs through the northern part of the City of Racine, throuéh thé
village of North Bay, and about half-way through the village of Wind Point, in
Townships 3 and 4 North, Range 23 East, extending from the north end of the Racine

harbor structure to the mid-line of the Wind Point headland (Fig. 28). The grid
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length of the reach is 3 miles; the shoreline distance is 3% milea.

Abqut 55% of the rqach is public land, The mouthern mile is occupied by
the Racine public 5each, Lake‘VIthpark, and the Racine Zoological Park. Shoop
Park is at the north end of the reach, The remaining 45% of the shoralipe is
reSideﬁtial in character, with most of the properties in northern Racine and North
Bay being in the $100,000-plus category. Reach 5 was rated tenth in the ranking
of critical erosion areas, with a per-mile value of 13, the same as Reach 3,
Detailed mpas are given in Appendix 2.

The beach in Reach 5 ranges in width fram 0 to almost 300 feet, It is widest

.at the south end, where the north-south longshore current 1s obstructed and the
sand supply is effectively trapped by the harbor structure. Low dune ridges indi-
cate that some of the sand has been reworked by the wind. Northward the beach
gradually narrows to zero within a mile, Elsewhere in the reach, however, abrupt
and very substantial changes in beach width are common.

Much of the shoreline 1s heavily armored with various types of shore-parallel
and shore-ndrmal protective structures, especially in the residential segment,
Approximately 85 such structures were identified and described in slightly less
than 2 miies between the Racine Zoo and Shoop Pafk. The effectiveness of these

structures, especially the more recently built groins, 1s readily apparent from

the abrupt changes in beach width and the locations of eroding and non-eroding shore-

line segmeqts. Virtually all of the well constructed groins are trapping sand on
their updrift (ﬁorth) sides; and it is this process that accounts for the common
and abrupt changes in ﬁeach éonditions. Poorly protected and unprotected segments
of the shore are subject to severe wave erosion at the toe of the bluff, debris
fall and flowage higher on the slope, and slump at the top of the bluff; scalloped
bluff edges are not uncommon in this reach, even though much of the bluff has been
graded and grassed,

Bluff height ranges from‘slightly under 20 feet to just over 30 feet.
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Exceptions occur at stream mouths, in places where the bluff has been terraced or
otherwise modified by man, and at the northern end of thevreach in Shoop Park.
Here the bluff splits, and a low natural terrace separates the shoreline from the
main upland surface, At the northern end the terrace is about 750 feet wide. The
shore bluff along the terrace is generally between 5 and.lo feet high, but it is
virtually absent at the northern boundary of the reach.

Much of the bluff is covered by vegetation, and in many places it is composed
of artificial gray (where unoxidized) or tan (where oxidized) silty clay till (till 2)
overlain by lacustrine deposits (Fig. 30). At several places a thin layer of water-
bearing sand or sand and fine gravel oceurs slightly above mid-bluff height, between
the till and pinkish-~brown lake clay. Watef seeping from this horizon, and also
ffom other zones within the lacustrine beds, are undoubtediy a major cause of slope
failure involving slump.

_Reach 6

‘Erosion reach 6 is located in Townships 4 and 5 North, Range 23 East, in
northern Racine County and southeranSf Milwaukee County (Fig. 28). It extends
from the mid-line of the Wind Point headland northwestward to the nofth end of
the bulkhead that protects the coal stockpile for the Oak Creek power plant.
Although the north-south grid distance of the reach is about 4.6 milés, the coastal
distance is fully one-third again as long--more than 6.1 miles-due to the northwest-
southeast orientation of the coastline. Detailed maps are given in Appendix 2,

Reach 6'has'one of the highest priorities of the entire Lake Michigan shoreline,
ranking third in the listing of critical erosion areas, with a value per mile of
25, Land use and shoreline characteristics cover a wide range. Much of the land
is residential property, but éome is used for agricultural purposes, some is un-
developed to partially developed recreational land (including both County qf Racine
and Town of Caledonia park properties), some is industrial land, and until recently

some of the shoreline was owned by educational institutions,
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Beach width ranges from O to 76 feet; much of the beach is between 10 and 40
feet wide. The beach is widest Just south of the mouth of the small valley near the
middle of the reach, where a compo;nd shore-protection structure consisting of
four on-shore groins attacﬁed fo a dolomite stone revetment is responsible
for active beach accretion. -In contrast, nuhefoué segments exist where either no
beach whatever is présent or-where the beach is less than 10 feet wide., Beach
materials also exhibit a widé range in caliber, from nearly pure sand to nearly
pure gravel, The coarsest beachliﬁ 811 of Kenosha and Racine Counties.is that at
Wind Point just north of the lighthbuse, where beach sediments consist almost entirely
of pebbles and cobbles, | |

Much of the coastline in Reach 6 lacks shore protection structures of any kind,
some of it is moderately well protected, and part is marked by a fair abundance of
protective devices. ‘Except for the compound bulkhead‘that protects the Oak Creek
power plant at the nbrth end of the.reach, only three protective structures, none
of which is effecti&e? are present in the entire north half of the reach. The
density of structuréé is therefore about one per mile (in contrast to segments of
several other reaches farther south, where the density is 40 or more per mile).
Structures are much more abuﬁdant and generally well constructed, however, in the
gBouthern part of ReachHG.

Bluff height ranges from 5 to 85 feet. The biuff ié highest in the northern
part of the reach where the shoreline intercepts tﬁe proximal slope of the inner-
most Lake Border moraine; in this area the bluff nearly everywhere is very steep
and in excess of 70 feet high.' In the southern part of the reach, on the other
hand, at and just north of Wind Point the low terrace that separates the shoreline
from the main upland surface is generally 8 to 14 feet above lake level, and in
most places no feal bluff exists along the shore; where present, the bluff is only
5 to 10 feet high. The terrace is also present as a narrow belt half a mile

upshore, Throughout most of the reach, .between the north end of this low terrace
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and the Lake Border moraine, the bluff is moderately to very steep and ranges'
from 30 to.70 feet high, progressively increasing 1nmhe1ght from south fo north.
The upland surface-behind the bluff in this segment is a lacustrine terrace that
represents the Glenwood stage of glaéial lake Chicago.

The materials in/the bluff consist mainly of fine—textﬁred sediments;'including
compact silty clay til1l (till 2) and silt and clay of lacustrine origin, with
lesser amounts of filne-grained sand (Fig. 31). Individual till and lacusfrihé
units range in thickness up- to about 55 feet, but unit thicknesses appear to be
highly variable. The upper part of the bluff commonly expoées sand or gravel or
sand and laminated lacustrine silts-and clays, which overiievthe much thicker t111
and lacustrine deposits below. Except for this general relationship, no  consistent
stratigraphy is apparent; in'some.places lacustrine sedimenté overlie till;‘at
othep sites,the relationship is reversed, and at still other localities the de-~
posits are interbedded. -In the southern third of the reach, however, no till whatever,
éeems to be present in the bluff (Fig. . 31).

- Slope 'stability also shows. a range 1n‘cohditions. In places where the bluff
has been terraced or graded and sodded, the slope appears to be quite stable. 1In
a great many other places, however, bluff failure 1s.rapid~and seQere. Moderate-
sized to massive slump blocks, commonly of a compound character, impart a.distinctly"_
scalloped pattern to the raw, sharp bluff edge through much of the reach. Mudflow,
debris slide, debris fall, seep sapping, gully cuttihg, and toe erosion are all
significant processes causing bluff failure and shorelineirecession. Single pro-
files commonly show evidence of slump at‘tﬁe. biuff edge, flow in mid-bluff, and
wave erosion at the base of the cliff.

Thus, in virtually all categories, the Reach 6 shoreline presents a wide
variety of conditions——undoubtedly.the widest range of conditions of any reach in

Kenosha and Racine Counties.
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Reach 7, South Subreach

The south subreaéh of Reach 7 1is defined as a segment of shoreline, approxi-
mately 3,500 feet long, that extends from the end of Oakwood Road to the south
boundary of the reach in secfion,31, Township 5 North, Range 23 East, at the north
end of the bulkhead that encloses the coal stbckpile'for the: Oak Creek power plant
(Fig. 32). Detailed maps are given in Appendix 3.

Bluff conditions in this subreach are generally similar té bluff conditions . |
in the remainder of the reach, The bluff is approximately.loq feet high, and
bluff materials consist mainly of compéct silty clay till (till 25 and interbedded
lacuétrine deposits that include clays, silts, and fine sands (Fig. 33). Several
of the coarser, more permeable layers act as éeep horizons‘from which water issues
at the bluff face, thereby contributing directly to slope faiiure by sapping and
flow processes., Flowage appears to be the most .important mechanism of bluff failure
_ 1in .the subreach at this time, Slump is also a significant mechanism, however, as
indicated by fhe presence of scalloped bluff marginé and abundant slump blocks, most
of which pass downward into flow structures. Toe erosion and debris fall are impor-
tant where the beach is narrow.

Beach conditions 1in the nbrthern third of the subreach afe also similar:to
those elsewhere in the reach.. "The beach is quite narrow, generall& ranging in
width from 10 to 20 feet, although in a few places it is less than 10 feet wide.
Beach materials,coﬁsist of sand and gravel. No shoreline protective sfructufés
exist, | |

Approximately 1,000 feet south of Oakwood Road a definite change in shoreline
aspect occurs, a change that becomes progressively more pronounced toward the
south, with the result that the south end of thé suﬁreach is quite different from
the north end. The major differences are in beach width, in. distance from the
shore tb the base of the bluff, in the character of the sediments in this shore-

bluff zone, and in vegetation. Whereas wave erosion and a narrow beach characterize
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the northern part, active accretion of beach material is occurring in the southern
part, where the beach is nowhere less than 20 feet wide. The width of the shore-

bluff zone progressively increases from less than 10 feet in the north to several

- hundred feet in the south, thereby forming a distinct wedge-shaped area. This area,

in addition to recent beach deposits, consists of a flow terrace, underlain mostly

by water-logged silts, at the base of the bluff and an abandoned beach and dune.

complex between the flow terrace and the modern beach, A progressive north-south
change in the vegetative pattern is also obvious. This marked difference in shore-
line character between the north and south ends of the subreach is attributed to the
Qak Creek power plant complex and particularly to the coal stockpile, which acts

as a massive groin that serves to interrupt the longshore transport of beach de-~
posits from north to south and traps the sediment on its north side. The situation
is generally éimilar to that involving the Racine harbor structure and associated
beach accretion in Reach 5.

Reach 7, North Subreach

Reach 7, approximately 4%,mileslong,vextends from the Oak Creek Power Plant
near the southern boundary of Milwaukee County north to the Water Treatment Plant

in Section 12, T. 5 N,, R. 22 E., (Fig. 32). It is ranked number 4 on the priority

~ list, .and. it has a value per mile of 23 (see introduction for discussion of

~priority determination and value per mile), Erosion rates within the reach are

up to 2 feet/year over the long term and 6 feet/year'over the short term. The
reach is discussed in detail in Appendix 3. Much of the southern third of the
reach 1s in Bender Park owned by Milwaukee County. 'This land is wooded or pasture
land and some areas are in row érOpSﬂ North of this a sewage &iSposal plant and
several_industries are located along the shoreline.

In the southern part of the reach the beach width is 5 to 20 feet and there
are no structures present.  In the central and northern parts of‘the reach, beach

width is considerably narrower, except where structures such gs groins and small
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bredkwaters have created a beach up to or greatef tﬁan 25 feet wide,

The bluff height within the reach ranges from 125 feet in the southern part
of the reach to about 60 feet in the northern quarter. In the southern part of
the stratigraphic section (Fig. 33), the bluff consists of a lower, gray, silty
clay'tili'with few pebbles (till 2A). Where exposed, the till ranges from 6 to
20 feet thick and confains a few inclusions of lacustrine material. This till is
overlain by a sequence of lacustrine deposits consisting primarily of silts inter-
bedded with fine sand. This sequence changes laterally to some extent within the
reach, Near the middle of the reach some interbedded fine gravels are present and
:;i.lt is fairly thin (15 feet).

The silts are overlain by till (till 2B) in éll locations 9xcept in part of‘
Section 25. Here a wedge of medium sand and silt inferbedded with fine sand is
about 60_feef thick, This wedge is local and was probably deposited in front of the
advancing ice front which deposited the upper till. The uﬁper till (till 2B),
identical in the field to the lower till (till 2A) in sequence, ranges from 10 feet
thick to nearly 70 feet thick within the reach. The thick till is located at the
intersection of -the bluff with a morailne and it coincides with the highest part‘of'
the bluff in the reach. In the very northern part of the bluff, sediment from Oak
Creek is present in terracesAatva level of.640 feet (Glenwood Stage of Glacial Lake
Chicago).

In the southern part of the reach the bluff top is scalloped (Fig. 34) and
fairly largé,slump blocks displace maferial at regular infervals. Failures are
seated in or at the base of the silt and the interbedded fine sand unit just above
the lower till. Northward in the central part of the reach few discreet slumps are
present, but numerous small slump blocks are present down the bluff surface (Fig. 14).
Because of the rotation of the block surface, these trap water and there are many
wet areas along the bluff. In thé northern third of the reach most Qf the eroding

slopes are straight and the primary type of failure is sliding, In places the bluff



Ity

Ctw

kY

LN

77

Figure 34. Oblique aerial photograph of the bluff in the southern

' ' " part 6f Reach 7. Note the scalloped nature:of the
bluff top because of shallow slumps in the upper part
rof the bluff. Location is T.5N., R.22E., Section 25)
Reach 7, Milwaukee County (oblique R-22, 13).

Figure 35. Oblique aérial photograph of the bluff in the northern
part of Reach 7. Note the revetment of concrete
blocks dumped from the top of the bluff. Location is
T.5N., R.22E., Section 24, Reach 7, Milwaukee County
(oblique R-22, 2).
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is protected by céncrete rubble dumped from the bluff top (Fig. 35), and in
places the slope has been graded.
_Reach 8

This reach is located in townships 5 and 6 north, Range 22 East in southern
Milwaukee County (Fig. 32). It is.apprOXimately 6 miles long and is discussed in
more detail iﬁiAbpendixjé{ Its'priority in the ranking_§f critical areas was
eleven, with a value per mile & twelve (see introduction for discussién of priority
determination and va1ue per mile). Long term erosion-rates measured are up to 1
‘foot/year and short term rates are up to 2 feet/year, Althoughvsome of the land
nearlfhe top of the bluff is used for ihdustrial development, much of this reach
18 in open space. Grant Park is in the southern part of the reach and Sheridan Park
is near the northern part of the reach.

Beach widfh through the reach is variable and.innplaces is up to 50 feet‘
where groiﬁ fields interrupt the longshore drift. A wide beach has developed in the
south part of the reach juét updrift from a fairly lafge groin at the mouth of Oszk
Créek. The bluff height in the reach varies from less than 60 feet along the Glen-~
wooq terrace near the mouth of Oak Creek to slightly over 100 feet in the central
part of the reach. The Glenwood stage shofeline (640 feet elevation) again inter-
sects the present shoreline in the northern part of the reach just narth“of Sheridan
Park.

In the_soufhern part_of the reach two grey, silty clay tills (tills 2A and B)
are present with interbedded silt and fine sand (Fig; 36). The upper till is over-
lain by interbedded silts and sands up to 20 feet thick. At the base of the bluff
in Grant Park approximately 10 feet of sand occurs just above beach level beneath
tili 2A (Fig. 36). About half-way through the reach énother grey, weathering
to buff or pink clayey, silty till (till 2C) appears. This is then present at
or very néar the top of the profiles almost to the nbrthern end of the reach., 1In

the northern part of the reach‘a'sandy till with many cobbles ard boulders appears

]
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at’the.base'of the bluff. _This till i; referre@ to in this ?épbrt as till 1A and
may be correlative with fhe Haeger till of Illinois (Fig. 19). Tﬁe bouldery nature
of this till can Pe seen by the large number of boulders presentﬁin the bluff
aliong the beach'a% this location (Fig. 21). -birectly above this a thin, fair;f
sandy till with feWer boulders is present (till 1B), Tﬁe erosion rates in the
‘reach -are lowest in Grant and Sheridan Parks where groin fields and associateq
beaches protect fhe base of the bluff; At the south end of the groin field aq
I
Sheridan Park a marked change in bluff stability can be seen as the beach narrows
(Fig. 9). Most of the failure on the bluffs in this reach is shallow sliding and
flows where water is present. In the central paft of the reach the gravel unit
contains water and sapping occurs in tﬁis unit causing collapse §f the overlying
silts and till, Some sapping also occurs in the southTrn part of the reach where
sands and silts make up the top of the bluff (Fig. lS)J Small ravines due to
sapping cut apprdximéteiy 30 feet back_into‘the top of the bluff.
Reach 9

Reachié‘(Fig. 32) covers the Milwaukee Harbor area whiCh-is entirely protected
by a large breékwater system. Because of the shore pfotection structurgs this
reach was nét examined in detail. The reacﬁ'has a pri?rity 6f 32 and a value per
mile of 0 (see introduction for methods used in determining priority .and value
per mile). . ‘ 1

Reach 10

Reach 10 is lécatedvin Townships 7 énd 8 north, range 22 east in northern
Milwaukee County (Fig. 32). The reach is about 6.5 miles loné and extends
northward from the structured part of Milwaukee Harbof to Fox Point. Land use
in the reach is limited to residential areas (Shorewood, Whitefish Bay, Fox.Point)
and parks and open space (Shorewood, Buckley, Big Bay, Silver Springs, Klode and

Doctors Parks). The reach is ranked number six on the priority list and has a

value per mile of twenty. Long term erosion rates in the reach are up to 3 feet/year.
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No short term fates were measured. Beach conditions in the reach vary-greatly
depending upon the protecfive structures present; Where groinsvexist,'wide (60
foot) sénd beaches protect the toe of the slope. Where only sea walls exist, there
is a small sand and cobbie beach or the waves are breaking against the front of

the sea wall (Fig. 11). In front of most of the revetments there is ﬁo beach
unless the shoreline is also protected by a groin, |

| The bluff height in Reach 10 varies from 116 feet in the southernmost section
to about 70 to 80 feet in the central areas and then rises to almost 120 féet in
the northernmost parts of the reéch.

The characteristic stratigraphy of the entire reach is an upper red-brown
clayey, silty till (till 3A) separated from three lower tills by a sequence of silt
and interbedded sand and silt (Fig. 37). . In the southernmost section the naturai
exposures are very poor but from boring logs the uppér till is at least 60 feet
thick and the lower tills extend upward to a few feet above lake level. Between
the lower tiils and the upper tills 20 to 30 feet of lacustrine silt and sand are
present. About one quarter of the way northward through the reach the lower tills
rige until fheyvare almostlin contact with the upper red-brown till (3A). quth
of this point to the end of the_¥each the lower tills drop in elevation aﬁd are
geparated from the upper red-brown till by an increasingly thick wgdge of
lacustrine deposits. About three quarters of the Way'northward throﬁghbthe reach'
the lacustrine silt and interbedded silt and sand reach a thickness of 90 feet.

'The southernmost mile of the reach is relatively stable and mbst of the
bluff is tree coveréd. "North of this, bluffs are intermittently wooded but some
failure is taking place. Two types of slbpe f&ilure are taking place within the
reach, In one type rapid toe erosion at the base of the bluff causes steep
lower slopes and shallow translational slides on the more gentle upper slopes

(Fig. 38). In this case the toe material is usually in place (tills one or two
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Oblique aerial photograph showing areas where rapid .
toe erosion is taking place and failure is primarily

by shallow slides... Location is T.8N., R.22E., Sec-

tions 33 and 34, Reach 10, Milwaukee County (oblique
R-17, 13). - - . | o L . o

Oblique aerial photograph showing Nip ising Age (605'
elevation) terrace. - Terrace 1s protected by revetments
and seawalls. The bluff behind the terrace is vege-
tated and stable. Location is T.8N., R.22E., Section
21, Reach 10, Milwaukee County (oblique R-16, 28). '
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or silt). The slide material is carried away as rapid1y as it falls from the Bluff.
Less often there is a small quantity of upper red-brown till or silt debris covering
the toe, |

Slumping, the_other‘type of'failure is caused by toe erosion coubled with
the presence of Seeps ah&'lubricated rotational failure plaﬁes; Slopes exhibiting
this type of faiiﬁre usually have large blocks of slump debris covering the toe.
Slump blocks pile up at,thé base of thé bluff and then are slowly removed by way
of action. The topégraphic.profiles (Appendix 3) of these slopes show é gentle
lower slope and a steep upper slope. Small scarps were observed on even the most
stable appearing slopes such_as those protected by seawails, groins and terraces.
These may be at the heads of old, very large, deep-seated slumps becausé remnants
of old slump blocks are present along the base of the bluff in places.

Throughout the reach several minor seeps occur in the‘low part of the bluff
either on top of the tills (tills 1A or B) or over a less permeable silt or clay
layer., The presenée of the seeps with their sapping action probably does not
greatly add to the erosion problem.

The northern one-quarter of the reach in Fox Point has a nétural terrace
which is probably Nipilssing in age (elevation 605 feet). This old wave cut
terrace is based on the lower two tills (till 1A and B) and has a thin (3 to 6
foot) layer of sand abqve. Most of the terréce is protected by revetments and
small groins.‘ The biuff in back of the 200 to 300 foot wide terrace is vegetated
and stable (Fig. 39). Slbpes on the bluff range from 19 to 24°,

Reach 11

Reach 11 (Appendix 4) is about 3 miles iong and extends north from Fox Point
in northern Milwaukee County to Virmond Park in southern Ozaukee County (Fig.

32, 40). It ié in townships 8 and 9 north, range 22 each. Reach 11 is number 5
on the priority list of erosion reaches with a value/mile of 23 (see 1ntrdduction
for disucssion of priority and value/mile). Land use at the top of the bluff is

either reagidential or is park land.

w
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The width of the beach varles from less than b feet in the central part in
northern parts of the.reaeh‘to greater than 20 feet in other areas (Appendix 4).
Beveral small groins and revetiments pfotect'the toe of the bluff in some areas
but much of the reach is unprotected., The southernmost third of the reach is
wave-cut terrace of Nipissing age that is 100 to 200 yards wide (similar to
Fig. 39). Much of this is vegetated although some small dunes have blowouts
where active wind efoaion 15 taking place. The terrace here is within the Audubon
Bird Sanctuary and there is no regidential development as there 1s on the terrace
south of Fox Point. Vegetatién,covers the bluff above the terrace. |

Bluff height in the reach ranges from approximately 70 feet at the northern‘
end of the terrace area to 140 feet'at‘the northern edge of the reach. Several -
large gullies cut the bluff although no large perennial streams enter the lgke
within the reacﬁ: No stratigraphy is visible in the bluff in the terrace area,
North of this, red~brown silty till (til1l 3A) up to 60 feet thick 1s present at
the surface throughout the reach (Fig. 41)., This is underlain in the central parf
of the reach by a sand and gravel sequence ranging in thickness from 10 to 30 feet
which overlies silts and initerbedded fine sand.4 In the north central part of the
section till 1B is exposed just above water line in a few places.

The bluff adJacent to the terraced area in the southern part of the reach
is relatively stable, North of this through the rest of the reach shallow Blides
are common, Lacﬁstrine materlial from the middle and lower parts of the profiles
slides off the bluff and is accumulating at the toe where it is not being actively
eroded, As the bluff rises to the north sliding continues to take place on thé
lower parte of the profile but shallow slumps also occur in the upper part of the
bluff and seem to be seated at the base of the till unit, Small.scérps and rotated
masses 6f soll occur along the upper and middle parts of the bluff. At the northern
edpge of the reach, wave erosion is taking place at the base of the bluff and slopes

are very active,
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Reach 12 | |

Reach 12 is located in townships © and 10 north, range 22 east in southern
Ozaukee County (Fig. 40). The reach is about 63 miles long and extends from virmond
Park north to a point east of the toﬁns of Cedarburg and Grafton, Land use in the
reach is'primarily residential although there are some parks. The reach is ranked
secoﬁd on the erosion priority list with a value per mile of 27 (see introduction
for disﬁussion of priority ranking and value per mile). The high priority 1s based
on short term recession rates which range from 2 to 6 feet per 10 year period,
the very high bluffs present, &nd the large number of residences located along
thé bluff top (up to 29 per mile). Throughout much.of the reach the béach is narrow
but is very variable and is best viewed on the section maps in Appendix 4,

The bluff height in reach 12 ranges from 140 feet in Qirmond Park at the south
ledge»of the reach to about 75 feet in the central part of the reach., 1In the northerﬁ
endlof the reach the bluff rises to over 100 feet and the entire reach has a
uniformly high«bluff character, T;lls 2 and 3A are present in nearly all profiles
thfough the feéch and in mahy places make up most of the bluff section (Fig. 42)-_
In:the'southern part of the reach they are separated by about 20 feat of sand,
gravel and silt which wedges quf within the first mile north of the southern edge.

In the next two miles north, nearly all of the bluff is made up of tills 2 and 3A
although fill 1B is exposed at the very base éf the bluff in the northern part of
sect}bn 17. North of this‘t§ the northern part of the reach a unit éonéisting

- of éaﬂd, sand ﬁnd gravel and sand interbedded with silt appears between‘tills 2
and 3A in the central part of the bluff and reaches‘a thicknesé.of nearly 80

feet (Fig. 42y, | -

The slope féilure'tyée in fhis reach includes both sliding and slumping.

In genéral the bluff in the southern part of the reach 18 more shbject to sliding..
The ares éround Virmond Pﬁrk owes its rapid recession rateg primarily to this

type of failure. The northern areas seem to be marked by more slumping. There

[
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are large slump blocks resting at the base‘of the bluff and erosién‘of these
blocks is noﬁ taking place ‘(similar toyFig.v44); Thege evidently represent very
large slumps, possibly seafed below the water level of Léke Michigan, Their age
is unknown, ”

Vegetation within-.the reach is partly deﬁendent'qn failure type. Wheré the
slope has failedvbybsliding‘there is very siigﬁt végetatioh cover’and surféce
erosion during raiﬂ gtorms is great., In the aréaé of'slump the biuff'is more highly
vegetated, especially on’£he slump block. Thgre are however barren scarps and the‘
toes of the slopes which are being eroded by waves are vegetation-freé.

Reach 13- |

This reach begins in Seétion 21, T.10N., R.22E. and extends through Section
33, T.11N., R.22E. in Ozaukee County (Fié. 40). The regch is approximately
5 miles long and is No. 7 oé the shore erosion-priority area list with a value
per mile of 18 (see introduction for discussion of priority determination and
value per mi%e). The land use in thié reach is almost entirely agricultural,
but new homéé»gre built fairiy close to the top of the ﬁluff in a few places.

Withln‘tﬁé*reach;jblufflheight varies from 100 féet_to 125 feéf- Much of
the reach has. scattered vegetation along ‘the bluff, and stratigraphy is difficult
to interpret in many places. The su;face stratigraphic unit is red-brown silty
till (34) Qp tov40 feet thick overlying intérbed&ed sands, sand and gravel, and
silt (Fig. 43). Beneath this, in the soufhérnbpart of the reach, slightly more
gray silty tiii’clthgti11>25'undeflies the sand and silt pnits; Throughout
the southern part of the réach large slump biocks_are located at the toe of the T
bluff and no stratigraphy can be séen (Fig. 44). " In the central and northern
parts of thehblaff, where the toe is ekposed, fhe more gray silty till (Till 3A)F

is present just above water level. '
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Oblique serial photOgrgph showing’ very large slump
blocks in Reach 13. Much of the slump block is
vegetated and is presently being eroded at its toe.
Location is T.10N., R.22E., Section 16, Reach 13,
Ozaukee County (oblique R-13, 204).

)
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In the southern third of the reach, slope failure is pfimarily by-lérge deep-
éentéd slumps. The base of the ﬁluff, like that in reach 12, is made up almost
' entifely of slump material Which is still vegetated and which traps'wnter coming
out of and down. the bluff (Fig. 44, This slump-block (Fig. 44) is being eroded
ﬁresently by waves along its shoreward edge; At one location, where stfatigraphy
near the base can be seen, sands overlie a fine-grained till or lacustrine unit, and
excessive sapping takes place in the sands. In the norfhefn two-thirds of the
" rench, failure is primarily taking place by shallow translational slides down the'
bluff face (Fig. 45). Very féw‘slump blocks are present along the toe, apd in
places where thé;beachéd'harroﬁ, in-place materials at the toe can be observed,
in places where the beach is wider, a thin layer of low and slide debris occurs
along the toe. In this part of the reach several bowl-shaped cuts (Fig. 46)
extending from the surface two-thirds of the way down the'bluff are végetated
and ‘stand out as distinctly different from the stegper bluffs on either side.
fhese have formed where undercutting due to sapping‘in fhé.sands and surface water
flowing ovef the bluff top have cut through the till and produced wide, roughly

: Y
cqui-dimensional gullies.

In the southern paft of the reééh, beach width ;s narrowband waves are eroding
the toe of slump material in many places. ‘In the central part of the reach the
beach widens to about 20 feet and is primarily sand, although a cobﬁle line does
exist at water level. Norfh of this, towérd Port Washington, the beach narrows,
coarser materials are present, and ﬁuch of the beach is made up of pebbles and
cobbles, An exposure of dolomite bedrock creates a small point in the northern
part of Section 3. Very few strﬁctures exist in the reach.

| Reach 14

Reach 14 1s the harbor area of Port Washington in Ozaukee County (Fig, 40),
The harbor is protected by é power plant and groins on the south side, and by a
large breakwater attached to the shore on the north side, bThere are no natural

exposures within this reach,
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Figure 45. Oblique aerial photograph showing steep nearly un-

.- vegetated slope where most failure is taking place by
shallow translational slides and flow. Some small
slumps occur near the top of the bluff. Location is
T.10N., R.22E., Section 3, Reach 13, Ozaukee County

(oblique R-12, 33). . e ‘ o

Figure 46. Oblique aerial photograph showing bowl-shaped depres-
sions in the bluff top that have formed where ground-
water sapping is taking place. Location is T.10N.,
R.22E., Section 10, Reach 13, Ozaukee County (oblique
R-12,32).



Reach 15

Reéch ié 15:16cated in T.11N., R.22E. in central Ozaukéé'Cohnty (Fig..40);
The reach 1s abéuf 4.5,@1195 long and extends northward from structures in the
Port Washington harbor to a lake terrace (605') in Secfion 1, T.1IN. Land use
on the bluff toé aﬁq fefrace_is elther residential fafm land or forest.

Reach 15 is ranked isph“on the pfiority list with a value per mile of 10 (see
introduction fér diécﬁssion'of priqrity determination and value per mile). This
valﬁe is based on short tgrm recessioﬁ rate; that vary from 3 to 8 feet per 10
year period and a fairly high ranking:of importange by the public.

The beach width in thé reach variles gréatly. In places it is over 70 feet
wide (Secéibn 22), but in many areas 1t 15:5‘to 20 feet wide; and in some places
waves are:qroding the toe'of the‘b}uff throughout much of the year. Most 6f the
beaches ére‘made up of qba?sa—gréined mate%ia; such as pebbles and cobbles;'
although:sand is present in some areas,ﬂgépeciglly high on the beach.

Bluff ﬁéight.§arie§Aff§m a makimﬁm of 116 feet to about 85 fee# in the
southérnf£§6wsec£iqﬁ% of the reach, The northern 3 sections have aabluff height
between 50?§ad 85Cfeet.\ Within the reach are 3_arégs of old lake terrace |
(Nipissing;:}of 665_feet elevation);l»fhe largest bcéupies the middle of Sections
14 and 15P§nq 11, At the northern endvof thélreach in,Qectiéns 2 and 1 the terrace
begins aggiqiand cbhtinues northward tﬁrough reaches i6, 17, and 18,

The str;tigraphy within the reach is rather ﬁﬁifdfm (Fig. 47). At the base
of the bluff; in‘@oét:lqéaiifies, is a'gfay, siltf sandy till with many cobbles
and pebbles”(TillﬂiB): A£'£he top of the bluff, throughout reach 15, is a red-
brown, silty, pebbly till (Ti11l 3C). “Sandwichéd betwéen these two tills ;s a
variable seqdénce pf lacustrine and fluvial silts, sandsrand gravels. The thickness
of the unifs[changés.great;y, depending on ;he location, but in general the lower
gray silty:tiil in;reasesufrom 4zfeet at the southern edge of the :.reach to about

27 feet in-SéétionﬁZé@ The.till'then decreases in elevation so that it is not
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exposed in the northern quarter of the reach. The separating fluvial and lacustrine

sediments are generally about 40 feet thick with most of the thickness (about 30

feet) being made up of silt in the southern half of the reach, and most being made

up of gravel ih the northern half of the reach. 1In many places the gravel layer
is highly cemented into a hard dense conglomerate. The upper red-brown till (3C)
varies in thickness with bluff height and is thickest (40 to 50 feet) in the
high bluff area in the southern part of the reach; In the northern half of fhe
reach the thickness varies between‘BO and 40 feet,

Slope failure within the reach 1s primarily slumping with a little sliding
in the southern half (Fig. 48) and sliding only in therorthern half. Many of‘the
slump blocks are vegetated and there are few completely bare‘slopes, as there are
in reaches to the south. |

Reach 16

Reach 16 is a 3-mile stretch of Nipissing Age lake terrace (605 feet elevation).
The reach is located about halfWay betWeen Port Washington and the Ozaukee;
Shebdygan County line (Fig. 40). The reach is ranked No. 12 on the priority lisf
of erosion areas, and has a value per mile of 12. Land use on the terrace in
this reéch is entirely park land and residential. About hélf of'the homes are
used in the summer only and half have year-round occupancy.

At the southern boundaryvof reach 16 is a small but prominent point formed
because of an exposure of resistant dolomite bedrock. - At the point itself there
is no beach, but a 20 foot wide shelf of bedrock dissipates the wave energy.
North 6f this point the beach is made up of cobbles and pebbles, except for a
small sand beach just north of the point,

The terrace ranges in width from about 250 feet to 500 feet. Behind the‘
terrace the bluff is about 50 feet high and is entirely vegetated and stable
(Fig. 49). Very little stratigraphy ié exposed in the terrace and probably much
of the terrace material is sand. At the north end of the reach a bedrock point

extends into the lake from the terrace (Fig. 50).
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Reach 48. Oblique aerial photograph typical of the bluff in the
southern part of Reach 15. Slumping takes place in the
upper part of the bluff and shallow slides are more
typical of the lower part of the bluff. Location is

T.11N., R.22E., Section 22, Reach 15, Ozaukee County
- (oblique R-12, 8). = :



Figure 49,

Figure 50.
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Oblique aerial photograph showing terraced areas
typical of Reaches 16 and 17. The low bluff behind
the terrace is vegetated and stable. Location is
T.12N., R.23E., Section 25, Reach 16, Ozaukee County.
(oblique 9,14)

Oblique aerial photograph showing the exposure of
dolomite bedrock at the boundary between Reaches 16
and 17. Location is T.12N,, R.23E., Section 19,
Reaches 16 and 17. (oblique 9,39)
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Reach 17

" Reach 17 is a 3% mile long réach of Nipissing Age lake terrace (605 feet
elevation). It is loceted at the northern end of Ozaukee County and extends from
the point at~Harr1ngton>Beach north to the Qzaukee=Sheboygan County line (Fig. 40).
Reach 17 is fanked No. 13 on the erosion study priority list and has a value per
mile of 11. Like reach 16, the land use on the terrace is residential and park.

At the southern boundary of the reach, a bedrock point extends into the lake.
Here there is no beach, but a 20 foot wide bedrbck shelf extends a short distance
norfh to a sand beach, Extensive sand bars also occur offshore and are probably
present becausé the bedrock point acts as a‘natural groin. Thgse‘conditions occur
northward throughout the reach. The terrace is over 500 feet wide in the southern
part of the reach, and is approximately 1,000 feet wide near the northern edge
of the reach.

The bluff, where present behind the terrace, is vegetated and stabie. No
stratigraphy was observed within the reach, and probably most of thé terrace

materlals are sand overlying bedrock.
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Reach 18A

Reach 18A lies in Sections 30 and 31 of T.13N,, R.23E., in extreme southern
Sheboygan Cdunty. It is roughtly two miles in length, extending from the county
line on the south to a point directly east of the town of Cedar Grove. The
reach has an overall priority of 18 which is the fourth highest pfiority of
thdse reaches lying north of the Sheboygan County line (Fig. 51),

Figures 52 through 56 constitute a generalized.longitudinal profile of the
high bluff areailying between the cities of Shéboygan and'Maﬁitowoc. These are

supplemented_by Figures 63 and 74, which are profiles of isolated areas of high

_bluffs elsewhere in the study area.

Reach 18A (along with Reaches 18B and 18C) lies on the prominent terrace
that extends from north of Port Washington to near the southern city limits of
Sheboygan. This terrace was formed by shoreline erosion along the shores of an
ancient glacial lake ét a time when the lake level was about 605 ft. above sea
level. This is about 25 feet higher than modern Lake Michigan. The surface of
the terrace is made up of a series of roughly paralleliancient'beach ridges and
is bordered on the west By an ancient wave cut bluff. This bluff is identical
in origin to thé steep bluf%s that are found along many sections of the modern
Lake Michigan éhoreline in Sheboygan County and elsewhere. The terrace is of
Nipissingv Age.

At the Sheboygan—Ozaukee County line, which is the southern border of this
section, the terrace is roughly 1000 feet in width and terminateé to the west at
a relatively steep and well defined bluff which is between 30 and 40 feet high.
Although the ancient bluffs‘were’not studied in detail, the few exposures that

were studied indicated 10 to 20 feet of red till over lacustrine sand and gravel.
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Generalized longitudinal profile of bluffs.

Figure 53.
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" Generalized longitudinal profile of bluffs,

Figure 54,
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Generalized longitudinal profile of bluffs.

Figure 56,
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Land use within Reach 18A is almost exclusively private residential, although
é small township park is located on the northern end of Sec. 31, Some summer
cottages or second homes were observed, but most of the properties appear to be
permanent residences, Housing density averages 12 residences per mile,

Beaches along this section of terrace are well developed, ranging from about
30 to more than 100 feet in width, They are striking in that they are made up almost
exclusively of sand, Particles of pebble size or larger are almost completely
absent,

Throughout much of Reaches 18A, B, and C, there are three very well developed
sand bars lying off shore. At the time the shoreline was studied one of these
sand bars merged with the beach in the southern portion of Section 31. Because
of this, the water 1s quite shallow immedlately off shore. Five foot water depths
lie between 100 and 200 feet from the shoreline throughout section 31, and between
85 and 165 feet from shore in section 30,

Erosion along this reach is the result of the removal of sand ffom the beaches
by storm waves, Measurements of erosion rates at two stations in the reach
showed rates of 1.2 and 2.7 feet/year over about the last ten years, At the
northern station, however, one hundred year averages show a small o?erall accretion,

Figure 57 is an oblique aerial photograph showing the general character of
the shoreline in Reach 18A. The lack of beach in front of the revetment protecting
the home in the foreground demonstrates the retreat of the shoreline in the
reach,

Reach 18B

Reach 18B encompasses all or part of Sections 19, 20, 17, 8, 9, and 4 of
T, 13 N,, and Sections 33 and 34 of R, 14 N., R. 23 E. The reach has an overall
priority rating of 8 which is the highest of any reach north of the Sheboygan
County line. Land use is almost exclusively private residential. Housing
density varies from a low of 10 to a high of 45 residences per mile with an

average density of about 27 residences per mile,
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Oblique aerial photograph showing the general character
of the shoreline in Reach 18A. The absence of beach in
front of the revetment protecting the home in the fore-
ground demonstrates the retreat of the shoreline along

this reach. (oblique 8,19)
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In the southernlpomtions of the reach the beaches afe well developed but as .
one progresses northward, the beaches narrow andvmany of the residences in the
northern portion of the reach would suffer rapid and severe erosion iosses if they
were not heavily protected. The beaches afe still pre&ominately sand when present
with pebbles and cobbles significantly more abundant in the northern portion of
Reach 18B than was true to the south, 1In the extfeme northern portion of the
reach, beaches once again are present and range up to‘65 feet in width,

As was the case in Reach 18A, the near back shore area is made up of sand
duneé and beach ridges with cut faces ranging up to 18 feet in height.

Ancient bluffs lie approximately 1000 feet to the west of the present
shore.line 1nvthe southern pdrtions.of the reach, These bluffs are sharp and
well defined in thig area. Aé we move to the north the tefrace béoadens to about
a quarter of a mile and the bluffs become obscured due to erosion by streams
tributary to the Black River. Annual erosion over about the last 10 years has
been measured at betw;en 2 and 3 feét per year whilé 100 yeaf aveféges are
significantly lower with values of about 0.5 feet per year.

Figure 58 is an oblique aerial photograph showing the nature of the shoreline
in the northern hortion of Reach 18B. Storm waves have gone over the low revet-
ments in this area, causing some structural damage, |

Reach 18C extends for a distance of 3 miles and consists of the shoreliné
along sections 27, 22, and‘i4, T. 14 N., R. 23 E. The reach has an overall
priority rating:of 24, and ranks ninth out of the twelwe reaches north of Ozaukee
County, This low ranking is primarily due to the fact that a large proportion
of the shoreline within the reach is incorporated in the Terry Andrae-~Kohler
State Park Complex. As a result there are only 20 private dweilings along the
shoreline of the total reach, leaving much of this reach undéveloped and essentially

in its natural state.
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Figure 58.
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Oblique aerial photograph showing the nature of the
shoreline in the northern portion of Reach 18B., Storm
waves have gone over many of the low revetments found
in this area resulting in considerable erosion and some

“'damage to homes. (oblique 6,33)
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in contrast to tﬁe more:highly deteloped orea 1mmedioteiy to the south in
lsn,vthe beaches in Reach 1BC are roldtivaly wide, ranging up to 100 feet in width,
Pebblos are much more mbundant than in Reaches 18A and 18B, The back shore area
consists primarily of terrace sands. 1In some areas sand dunes in exceso of 30
‘.feet high have developed., Erosion behind the beaches has produced cut fuces in
many sreas which, when present, are normally between 10 and 15 feet high,

As was the case in Reach 188 to the south, the ancient bluffs marking the
testorn limit of the terrace have been 1arge1y destroyed by the erooion of streams
tributary to the Black River,

The principal mechanism of erosion throughout this reach is the removal of
eaaily eroded sands through the action of storm waves, Ten year erosion averages
were determined at two stations within the reach, and valuesrof 2,2 feet/yenr
and 1.4 feet/year were obtained, A single hundred year measurement was made within
‘the reach, giving a value of 0,8 feet/year, A typical shoreline segment 16 shown
on Figure 59. . | |

“ Reach 19

Reach 19 18 u 1ittle over 2 miles long in & north-ooutﬁ direction and includes
the shoreline along Sections 11 and 12 of T. 14 N,, R. 23 E.;, and of Bection 35 |
‘and 8 portion of Section 26 of T, 15 N., R. 23 E, The reach has a priority of
19, making it the 5th highest ranking reach in the Sheboygan—Manitowoc study area,

This reach is 8 zone of transitionm in terms of geology, geomorphology and
in‘its land use, ‘The southern portions of the reach are a continuation of the
tertacé thot extends southward almost to Port wBshington. Northern portions of
the reach are in an area of moderately high bluffs, typical of much of the area
north of Sheboygan. | | |
| ‘In terms-of land usage, the southetn‘portion of_the orea is one of'year around
| oeach resideoces, fronted byta moderatelf'wide sand beach, . Houging densit& is

.81 residences per mile. In the central oortioo of the reach thio resideotial_
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Figure 59. Oblique aerial photograph showing typical undeveloped.

shoreline in Reach 18C. (oblique 4,19)
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area gives way to the grounds of the Edgewood Power Plant and the sewage disposal
facilities for the City of Sheboygan, Immediately north of the sewage plant the

land is largely urban in character, consisting of roughly a quarter mile of park

lands which give way to closely spaced urban housing on top of the bluff,

Figures 60, 61, and 62 show the contrasting nature of the shoreline in
these three areas.

Till is first encountered in this study area at the southern boundary of the
sewage treatment plant,~where‘about a foot of highiy oxidized red till, believed
to be tiil;’sc, is expésed.' The till is exposed intermittently for akshort
distance éiong the shoreline. Throughout this small area the till is overlain
by sand, North of this poiﬁt, the bluff attains a héight of about 50 feet, and
the stratiéraphy of the bluff is almost totally obscured by £ill that has been
dumped over the edge of the bluff, as well as granular fill placed behind a large
revetment and groin complex that protects this portion of the shoreline. A boring
taken at the crest of the bluff revealed 20 feet of sand, which became progressively
finer with depth, overlying a till unit (3C) about 20 feet thick. The till
was found to ﬁe underlain by sand to well below the lake level. A generalized
longitudinal profile of the northern portion of the reach is included as Figure 63,

A ten-year average erosion rate of 2,5 feet per mile was obtained in the
southern portion of Reach 19, with a one hundred year average of about one foot
per year, In the northern two-thirds of the reach, the shoreline is almost
completely protected by structures and little if any evidence of erosion was noted.

Reach 20

This reach consists of the area including and immediately surrounding the
harbor at Sheboygan and is fully protected from shoreline erosion by structures.

It is the second lowest priority reach in the total project and has the lowest
rank of any reach in the Sheboygan-Manitowoc study area, It was therefore
excluded from the study with the exception of about 1000 feet which was inclgded

in order to complete the southernmost section in Reach 21,
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Figure 60.
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The southern portions of Reach 19 are typified by yeér'
around residences fronted by sand beaches along the terrace.

(oblique 4,6)



Figure 61,

1le

In the central portion of Reach 19, the ground elevation
increases and land use is largely industrial,.
(oblique 3,19)
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Figure 62. The northern;portion of Reach 19 is an area of well-
protected high bluffs and is densely populated.

(oblique 3,9)
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Casual examination while driving through Reach 20 reveals the shoreline to

consist almost entirely of £ill, lying behind massive protective structures.

_Reach 21_

This reach includes the shoreline portions of sections 4, 11, and 2 of T,15N,,
R.23E.,, and about the southern two~thirds of section 34 of T.16N., R,23E,,

It has an overall priority ranking of 25, which gives it the tenth highest
priority of those reaches north of Ozaukee County.

Land use within this reach is guite variéble, ranging from urban residential
in much of the two southernmost sections, to largely agricultural or undeveloped
lands to the north where only séattered, small subdivisions indicate the close
proximity bf Shébﬁygan; |

In its sd@££ern'éections, the Qhoreline is composed primarily of granular
fill placed behind he;vy,revetments with a moderately high bluff to the rear.
Throughout the urban éortions of this reach, study of the stratigraphy of the bluffs
is extremely difficult due to the extensive placement of fill on the bluff face as
well as a heavy vegetatiQe‘coyer in many areas protected by revetments,

In the less highly developed areas to the nofth, the shoreline generally
has a moderately wide cobble beach, normally ranging between ten and thirty feet
in width. In some areas in which till appears in a basal position, however, the
beaches are very narrow, or, in some cases, nonexistant. The height of the bluffs
throughout the reach is, for the most.part, between forty and fifty feet.

Near the s6u£hern boundary of the reach bedrock is vefy shaliow or exposed
in the nearshore area.‘ This body of dolomite at or near the water surface is
known as the ''Sheboygan Reef''. The promintory, Sheboygan Point, that marks the
southern reach boundary is almost'certainly due, in part, to the protection

provided by this natural breakwater. These features are shown on Figure 64.
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Flgure 64. Oblique aer1a1 photograph of Sheboygan Point at the southern
boundary of Reach 21. The disturbed water in the fore-
ground is the result of waves breaking on the exposed

dolomite of the Sheboygan Reef. (oblique 53,6)
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- Along most of the shoreltne }n Reach 21_the bluffs ére made up largely of
1ncustrine seﬂiments. 'These aediménts display a regrégsiye sequence, with silty
.clay at the bése gréding upward to sand at the top of the section. A typicQI shore-
1ine segment with a steep bluff cut in lacustrine sediments is shown on Figures 65,66
In portions of sections 11 and 3; t111 3A is exposed in a basal positioﬁ, and |
ti11 3C is exposed af or near the bluff top in section 2. In section 34, till 3C
is exposed at the baée of the bluffs near the center of the section, where it is
‘seen to rise rapidly to the north. At the northern reach boundary, tili 3C 15
~ once more at_the surface, where it overlies till 3A.

Several.types of.slope failure were noted along this reach. In those areas
in which lacustrine sediments appeared to extend down to the toe of the slope,
failure was often in the form of'yery closely spaced slumps occurring at a steep
angle, The slumped fine grained lacustrihe materiai was sBubsequently greatly
moxdified by flows, esﬁeéially where a thick sand sequence occurred along the
bluff top, leading to extensive ground water seepage, In areas in which the élumped
-materiai was pemoved through wave action, underéﬁtting and subsequent soil.falls
became important mechanisms for sloﬁe failure,

Wﬁere tills 3C or 3A were exposed at the base of the bluffs, failures often
" took the form of very large scale slumps, w1th the scarp often 1y1né several
hunidred feet beﬁind the roe of the slope;

Where thick till‘sequanceé were eqused at the base of the bluff, and
especially where the'eprsed t111 was till 3A, failure occurred primarily through
undercutting and subséquent soil fall, resulting in near vertical éliifa bordering
the beach,

Erosion rates were not determined for the e#tfeme southern regions of
Reach 21, probably due to the fact that this area is almost completely protécted

by revetments,
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Figure 65. Oblique aerial photograph of a typical shoreline segment
in north and central Reach 21. The bluff is composed
entirely of lacustrine sediments with silty clay at the
base grading through clayey silt to sand at the bluff
top. Slope failure here is primarily through under-
cutting and soil fall with some high angle slumping.
(oblique 52,14)



Figure 66.
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'

Oblique aerial photograph at the northern valley wall
of the Pigeon River in Reach 21. Erosion of a massive
silt along the base of the bluff has created a series
of "sea caves." (oblique 52,22)
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In the central portions of the reach the results are anomoloes, with reedings
of 1,3 feet/year and 1.6 feet/year for the ten year average taken in close preximity‘
to & site that showed @ ten year erosion rate of only 0,3 feet/year.

in the northern portion of the reach, near the till hard point that marks

- 4ts northern terminus, the teh year erosion rate was ohly 0,1 foot/year, although

- a one hundred yeai average of 2,0 feet/year was obtained for the same point,

Reach 22

Reach 22 1s made up of‘the shoreline in the northern quarter of section 34
and all of that along section 27 and 22 in T, 16 N., R. 23 £, The reach has ab
priority renking‘of'zz, making it the seventh highest ranking reach in the
Sheboygan-Manitowoc studj area, | »

‘Land use‘throughout the reach is primarily egricultural althougﬁ the
Wisconsin Electric Power Company has large holdings in the area and may be
planning future development of a nuclear power plant.

CObble beaches of about 20 to 30 feet are commonly found along the shoreline
in this reech, and the bluff height is normally between forty—five and fifty feet,

In the immediate vicinity of the unnamed point that marks the southern

boundary of the reech, the bluff is made up almost entirely of till with till 3C

lying directly on till 3A , As we move northward, the normal intervening lacus-

trine sediments once more appear, At the south section line of section 27,

twenty feet of lmcustrine sediments separate tills 3C and 3A. An additional
ten feet of lacustrine sediments overlie till 3C at this point. The same general
stratigraphy carries northward throughout Section 27, The shoreline along this

part of the coast is a reletively uniform and steep bluff, At about the south

' section line of secfipn 225.theree;s a dremattc change in the nature of the

'shoreline; The steep, bare bluff found immediately to the south gives way to a

series of massive slhmba. some of whieh approach a tenth of a mile in length
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and are more than 100 feet from searp to toe. ‘This dramatic change in mode

of failure appears to coincide with the pinching out of the lacustrinq beds
between the two tills. A profile at right angles éo the bluff in a vefy similar
area in Reach 23 is shown in Figure 67 and the contrasting failure modes are
shown on Figures 68 and 69.

At the extreme northern end of the reach, the lacustrine sediments overlying
till 3C begin to thin, becoming completely absent at fhe northern boundary.

Ten year average erosion rates at the southern and northern ends of the
reach are 1.7 and 1.2 feet/year respectively. A somewhat anomolous figure of
O.ivfeet/year was obtained for a site near the center of the reach, One hundred
year average figures of lvfoot/year in the south, 1 foot/year in the center, and
2 feet/year in the northern portions of the reach were also obtained,

Reach 23
~ Reach 23 lies in Sheboygan and Manitowoc Counties and includes the shoreline
in Sectioné 10, 15, 3 in T, 16 N., R. 23 E., and of Section 34 and & portion of
Section 2 in T, 17 N., R, 23 E., This is the area lying between Seven Mile Creek and
Centérville Creek. The reach has a:priority ranking of 23, and is the eighth
most highly ranked reach in the area north of Ozaukee County (Fig. 51,70).

With the exception of the town of Cleveland, which lies at the extreme
northern end of the reach, the shoreline is almost exclusively agricultﬁral land.
Average density of dwelling within the reach, excluding the Cleveland area, is
less than 5 homes per mile. (Fig. 71).

At the southern boundary of thé reach, the bluff blunges sharplyvinto the
valley of Seven Mile Creek. North of the valley, which is about 1000 feet wide,
the bluff once again rises steeply,‘attaining a height of about 50 feet. The
bluff is very uniform north ffoﬁ this point, showing a very slow rise to the
north where it reaches a height 6f ;imost 60 feet before reaching the valley of
Centerville Creek at Cleveland. Throughout the reach, beaches are predominantly

of cobbles, and normally 20 to 30 feet in width, .
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Figure 68. Oblique aerial photograph showing steep, unvegetated bluff .

: - typical of the southern portions of Reach 22.
(oblique 51,35)



Figure. 69.
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-Oblique aerial photograph showing ‘the large scale sequential
slumping typical of the northern portions of Reach 22,
(oblique 51,25)



129

. o ' . : g . . P v 7 rot o ’

st LeE . PRI § Yot o o ot 14 tomdbmane ]

T . q . ! ey . : C)
PO . L. RS . , ; & . t_—.“. "LI.C" , . J‘m .. '

.‘“‘ . \ . ' jgf"":)v o 3 o 1 '{7‘7.:-“:: \ -3 : ':‘
g‘_ H:L‘:T\’i\, \ul S c_n_s?ﬂ 1 S ‘{
[ Eoorered ral LA i LR L h reack 30
: - “rae g ﬁj;":i-% Tg&cb" & %t LSU ; "J ”u :‘:e:l T =L
en : i %9,. i et uf‘? W i ian K ‘

1 ba b é:.*l.,. i ' = ] = éT ,SJjQREACH 24
P ) it i i metoctan( [ Villery [ W N A8 : '
. i€ lj‘{_ﬂ A A " 7 v n P < P S I
"Rt R T ScutesaiG ] & { | I NEEN 4 Yl;.ﬂ’- i Clmeient
O | [4 1) 2 ‘ -
s - T ) " ) Wir - s ' o
= il ssl AR L AF S Reack 23
' ' ® | = X e RS [T ‘r-‘ ’ -
\l,tmdlh. p D . el S ¥ w-q ‘
- - » L SRR P - '

Figure 70 - Map of Manitowoc County showing locations of'Reaches 23, 24,

25, 26, 27, 23, 29 and 30, and geotechnical sites 15, 16, 17,
18, 19 and 20, ‘ :

- MANITOWOC CO.
DAM OF TRARtRORT At

PN OF mgmesve |
el
W Sy -

o . ]

Kl TSy iy



Figure 71,
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Oblique aerial photograph showing the contrast between
the unprotected shoreline shown at the right and the
largely stable and erosion free slope lying behind a
well designed and constructed stone revetment on the
left. Reach 23, Sec, 15, T. 16 N., R, 23 E.

(oblique 51,20)
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Immediately to the south of the Seven Mile Creek, till 3C is roughly 10
feet thick, and lies directly on the surface of till 3A. Just north of the valley,
till 3C is absent and the erosion surface that marks the top of till 3A is within
5 feet of the hluff top under a thin cover of silty andfeandy lacustrine deposits.
Moving northward, the surface of till 3A makes a slow and irregular descent with
the overlying lacustriue sediments showing a commensuuate increase in thickness.
The coutact is, however, extremely 1rregu1er throughout the reach.

- Till 3C once again appears in Section 10 of T.17&Qa R.23E. Rather than

being present as a persistent bed it occurs as lenses of till completely surrounded
by sandy sediments 1n the upper portion of the 1acustrine sequence, This is
thought to be the mode of occurrence of the upper till throughout the remainder
of the reach. | |

Despite the abrupt changefin sttatigraphy that o;eufs at the south end of
Reach 23, the slope failures aiong the shoreline continue to be in the form of
very 1arge scale e;umping with the resulting slump blocks of the type found in

the northern portions of Reach 22. This type of failure makes the study of the

. stratigraphy through this reach extremely difficult, since very little of the

stratigraphic sequence is exposed,

Oniy»tWo ten year reeession rate determinations were available for Reach 23
the southernmost ot whieh was 1.7 feet/year, and the other, which was taken in
Section 3, was 0.3foot/year. The one hundred year average recession rates for

the reach were about 1 foot/year.

Reach 24
Reach 24‘inc1udes,the area between Centerville Creek at Cleveland and

Point Creek, three and one-half miles to the north. The reach includes the

. shoreline of the northern half of section 27 and that of all of sections 22, 14,

and 11, T.17N., R.23E,



132

Reach 24 has a priérity ranking of 17, and 1s the third highest reach in
bpriority of those reaches lying north of the Ozaukee County line.

The reach includes an area of substantial residential development at its
éouthein end, associated with the town of Cleveland, and large portions of the
remainder of the reach are the property of land developers and will probably
see substantialvresidential development in the future,

The shoreline in the extreme southern portion of Reach 24 consists of the
iemnants of an ancient terrace. This terrace is about two hundred feet wide
near the southern reach boundary, and pinches down to the modern bluff 11nel
about a mile to the north, Beaches in ‘this terrace area are predominantly of
sand, and between thirty and fifty feet wide, Figure 72 is an oblique:aerial
photograph of a shoreline segment lying on the terrace.

In the area between the terrace and Fischer Creek, which lies about half

way up the reach, cobble beaches predominate and beach widths are in the range of

20 to 30 feet in most areas. North of Fischer Creek, the beaches once again
become predominantly composed of sand with beach widths normally between 20 and
35 feet,
The bluff height throughout the reach is about 50 feet, except in those afeas
where the modern ground surface slopes down into the stream valieys.‘ |
Thé backsﬁore area along the terrace in the southern portion of the reaéh
is composed dftéands of mixed origiﬁ. At the point‘at which the ancient bluff
beh;nd the terraée begins to join the modern bluff line, ti1l 3A once again is
exboSéd. The erosion surface on the till is well developed,_and in some areas
there is a prominent stone line visible, The till is overlain by 1-3 feet of

sand and rises to the north..

LN
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Oblique aerial photograph of a portion of the terrace
that lies in southern Reach 24,

Figure 72,
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At the point where the terrace has fully rejoined the modern bluff line, the
till is about twenty feet thick and is overlain by thirty feet of silt and sand,
These stratigraphic relationships hold northward for about a half mile at which
point the surface of the till plunges into the valley of Fischer Creek. The
bedding in the overlying lacustrine sediments conforms to the till surface,

For a distance of about a mile north of Fischer Creek, the smection is composed
entirely of lacustrine sediments. These sediments are complex and contain many
highly contorted beds, In the northernmost section of the reach, till 3A once
again emerges from the subsurface. The top of the till is extremely irregular
with the contact between the till and the overlying lacustrines dipping below the
surface in a number of areas,

Along the terrace, the mechanism of erosion is simply the erosion of the
highly vulnerable sand by storm waves. In the area between the terrace and the
point at which the full bluff height is obtained, the mechanism of erosion is
undercutting of the exposed till through wave action, leading to soil falls,

Once full bluff height has been obtained, slumping becomes the predominant
mechanism. Slumps in this area are, however, extremely steep and do not normally
involve the full face of the bluff. In many areas, slumping is confined to the
till and overlying fine grained lacustrines, with the silts and sands that make
up the upper portion of the bluff in this area remaining undisturbed under a
vegetative cover,

In the area of lacustrine sediments north of Fischer Creek, slumping is
once again the predominant mechanism, In this area, slumps are full face with
many secondary slumps occurring in those areas in which the sandy sediments have
been partially removed through wave action along the toe of the slope. This type
of slope failure continues to be most abundant in the northern mile of the reach,

especially in those areas in which the basal till is below the beach surface,
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No ten year average recession data were available for this reach. One
hundred year averages ranged from 0.3 foot/year in the southern portions of the
reach to 2 feet/year in the north,

Reach 25

Reach 25 is located in southern Manitowoc County, covering a north-south
distance of 5,9 miles. It consists of section 1 of T. 17 N., and sections 36,
25, 24, 18, and 7 of T. 18 N., R, 23 E. Land use is predominantly agricultural
with sparsely spaced rural housing. A small amount of sand and gravel extraction
occurs in section 24 (Fig. 73). The reach ranks 20th on the overall priority
list, Erosion rates vary from 2 feet in the north to between .2 and .3 in the
central and southern portions over a 100 year average as computed by the Army
Corps of Engineers in their 1952 Shore Damage Survey.

The highest bluffs in the reach are found in the far southern and the far
northern portions where they obtain heights of 80 feet and 60 feet respectively.
Between these two areas the bluff generally maintains a height of between 40
and 50 feet.

A red-/brown silty clay till (till 34 ) from O to 55 feet thick is found
along nearly the entire length of the reach at the base of the bluff, Except
in sections 1 and 36, the till is overlain by sand with smaller amounts of gravel,
In these two sections silts and clay lie between the sand and the red/brown
silty till. A second thin, sandy till (till 3B ) lies in several locations
above the red/brown silty clay till (sections 1, 7, 18) but it does not form
a continuous unit,

Seeps are often noted at the contact of the surficial sand and the silty
clay till (3A ). The sand is usually dry and holds a nearly vertical face. The
steepness of the face of the sand is aided by a vegetative cover and, in places,
by compaction, Where sand composes a large portion of the bluff, failure occurs
most often by slumping. Masses of clumped sand entangled in roots also slide down

the face of the bluff (southern part of section 1, northern part of section 24).
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Figure 73. Oblique aerial photograph showing gravel pits in a
body of pitted outwash in Sec. 24, T. 18 N., R. 23 E,
The floor of the pit in the foreground is at the
contact between the outwash and the underlying till
3A. (oblique 48,16)

n
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Vegetation covers large portions of the bluff face in some sections as the

result of relatively stable conditions,

'Where littlée’or no vegetation is established on the silt, clay, or till,

‘sliding and flow occurs.  In places where undercutting occurs, soil fall results

in steep cliffs,*ééme measured to be as éreét as 56 degrees even with a 51
foot high bluff (southern part of section 18). Lafge siump blocks have also
been noted in this'reach in the northern portion of Section 18.

Beach width is variable, ranging from 5 to 50 feet, The predominant beach

material is sand sized material although gravels do constitute a significéﬁt

g a

portion in some pldces) €spécially’ at” the immediate lakeshore.” ’

The geology and stratigraphy in section 7 of T. 18 N. are probably tﬁe'moét
complex encountéred in tie aréa north of Ozaukee County. The section is unique
in that it is the only plécé known to the authors in which all of the tills that
have been recognized inthe-area are exposed (Fig; 56).

The southern bounddry'of the section lies just south of the south valley
wall‘of Calvin Creek. At the“sdétion“line the stfafigraphic section consists 6f
a bed of very sandy till, till 3B, overlying a thick’expdsure of till’ 3A} In
the immediate vicinity of the south section line, the two tills ‘are often'
separated by a thin sand bed, On the north side of the valley of Calvih.Creek‘
till: 3B, rather than occurring as a continuous and well developed unit, is found
as ‘prominent lenses of till within a sequence of mixed lacustrine sediments
between 5 and 10 feet thick, At several 1ocati§ns, this 1acﬁstriné ééquence'was
also found to contain what appéared to be a red-brown till. ' This material could
either be highly oxidized till 3A, till 3C, or a 1aCUstrine'clayey;silt with 1
a high pebble content., Faint indications of bedding would indicate that the

latter possibility is the most likely.
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At fhe north section line, the stratig.raphy differs greatly from that in
the southern portions of the section., The obsefved sequence 18 8 thick bed of
coarse sand ovgrlying till 3C which in turn overlies a thick unit of sand and
gravel, The widely QAffértng stratigraphic sequences that occur at the two section
boundaries can each be traéeq readily towards the central portion of the section,
The geologic relationsh ips wﬁere these two differing sequences meet are extremely
complex and are not yet fully understood. Unfortunately, Section 7 was the last
section investigated and the early advent of winter weather conditions, especially
the presence of a snow cover on‘the high, steep blﬁffs that are found in fhis ares,
forced a termination of field activities in mid-December before fhe geology had-
been fully worked out.

" The authors' preliminary interpretation of fhe geology in Section 7 is shown
graphically on the longitudinal profile. As can be seen from this profile, the
authors now believe that till 3A represents the oldest unit exposed and that the
very sandy till 3B was deposited upon the erosion surface that marks the top of
this till, probably in a shallow lacustrine environment, The sand and gravel
that oqcupied the basal position in the narthern portions of the section are
believed to lap up on an erosion surfaéé that was cut on both till C and the
overlying till B with its accompanying lacustrine beds. Till 3C 1is believed
to have mqved across the sand and grave; and up the erosion surface on tills 3B .
and 3A, ‘The bed of coarse'sgnd that lies over till 3C in the morthern portions
of the §ection is thought to pe the youngest unit present 1h the secfion.

If this interpretation is corredt, 1t would lend gupport fo the view that
the sandy till 3B‘is intermedigte in age between the two red-brown tills,

tills 3A and 3C.

-~
[
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One investigator has reported the presence of a fourth till unit (till 1A?)
in this section, This till was described as being up to 20 feet thick, and was
said to occur within the sand and gravel that is the basal unit in the northern
portions of the section, -The relative stratigraphic position of this till, if
present, has not been established, ‘

Reach 26

Reach 26 extends from about 4 mile south of the city limits of Manitowoc at
Silver Creek Park to the northern jetty at the Manitowoc Harbor, It includes
Section 5 of T. 18 N., R. 24 E. and Sections 32 and 29 of T. 19 N., R. 24 E. This
is a nﬁrth—south distance of 3 miles, The reach has a priority ranking of 26
and is therefore the eleventh most highly ranked reach north of Ozaukee County,

At the southern boundary of the reach land use is primarily agricultural with’
a scattering of private residences along the shoreline., Within % mile, the
shoreline is in parkland and at the northern end of Section 5, the shoreline is
occupied by the campus of the UW-Manitowoc Center. Moving northward the reach
passes through residential areas until reaching about the center of Section 32
at which point»it enters Red Arrow Park., From the north end of the park to the
end of the reach land usage is primarily industrial.

At the squthern_end of Section 5 the bluffs are 70 feet high and are made
up of 14 feet of coarse sand overlying 10 feet of till 3¢ which in turn overlies
almost 50 féet of sand and gravel, Moving northward from this point both the
upland surface and the cogtactvbetween the stratigraphic units drop rapidly.

At the south valley wall of Silver Creek the contact between the lower sand and
gravel unit and till 3C, for example, is 40 feet lower than at the south section
line, 0,6 miles to the south,

At the south section line of section 32 the bluffs are 18 feet high and are
composed entirely of sand. The bluffs rise steeply to the north and at the site
of boring qT—lQ, the bluffs have risen to a height of almost 30 feet and till 3C

is now exposed overlying the sand, North of this point the bluffs are heavily
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vegetated and where exposures are present it is usually found that the surface
of the bluff is veneered with £ill material that has been pushed over the edge
of the bluff,

The surface continues to rise to the north until about the middle of the
section at which point the bluffs are about 50 feet high. Northward from this
point the bluffs lose height rapidly and by about the north section line have
completely given way to a low sand plain along the shoreline,

The beaches along the southern half of Reach 26 are 6f sand and cobbles and
are from 20 to about 40 feet wide, North from here to the north end of Red
Ar:ow Park, sand beaches predominate. Many of them are more than 50 feet wide.
'North of this point the beaches are either absent or obtain a maximum of about
20 feet, .

From the south section line of section 5 to about 0,15, eroéion is very
rapid and slumping and sliding of the lower sand and gravel in this high bluff
area appears to cause quite rapid retreat of the bluffs, From 0.15 to about 0,7
at the mouth of Silver Creek, slope failures occur mainly as slumps which often
involve most, if not all, of the face of the bluff, From Silver Creek north to
the end of Silver Creek Park at about 0.9 there are no bluffs and shoreline
erosion occurs through the action of waves against the low lying shoreline., From
this point north to the section line slopes are gentle and completely vegetated
with grasses,

Slumping is again common in about the southern 0.2 mile of sec., 32. North
of this area, the slopes are veneered with fill, fully vegetated and appear to
be largely stable. .From Red Arrow Park to the end of sec. 32, there are no
bluffs,

As part of a separate investigation, the author inspected the south half of"
Section 29 (the remainder is Manitowoc Harbor) and photographed the structures

lying along the shoreline in this area., 1t was found that the entire shoreline
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is armored by heavy revetments or bulkheads and that the bulkheads were backed
by sand, some of which is undoubtedly fill. Since this is a fully armored sectioh;
Section 29 has been deleted from this investigation.
Two long term recession measurements both gave values of one foot per year,
Reach 27

Reach 27 consists of. the ares between the northern jetty of the harbor.at
Manitowoc and the town of Two Rivers., The reach includes the shoreline in portibns
of Sections 20, 17, 16, 10, 11, and 1 of T. 19 N., R. 24 E, The reach has a
priority rating of 16, and is the most highly ranked reach in the Sheboygan-Manitowoc
study area, »

Over most of this réach, the ‘shoreline consists of a‘well—constructed revet-
meﬁt with either sand, fill, or both behind. The immediate shore zone is separated
from residential, commercial, or park lands hy a four lane highway in most of the
reach.

A few small, scattered beaches are found in this reach, but many appear ta
be ephemeral. Some of the beaches present when the reéch'ﬁas inspected were not
found to be visible on the air photographs taken earlier in the year, and some
beaches shown on the photos were no longer present.

The reach is, with the exception of a single section to be discussed later,
protected by heavy structures which over large areas afe backed by fill.

Significant egposurgs pf stratigraphy‘and unprotected shoreline segments are,
however, present in section 16. The remainder of this discussion will, therefore,
be confined té this section.

The bluffs in section 16 rise to a maximum heigh; of about 30 feet above the
beaches. In the séuthwestgrn portion of the shoreline in the section, very little
stratigraphy ié exposed due to heavy vegetative:cover and the large amount of
slumped silt fhat covers the grgater part of even actively eroding areas. About
3 feét of Sluff 5ilt over 2 feet of silty clay was the maximum section observed in

*

the southwestern portion of section 16 (Fig. 74).
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In the northeastern portion of the sect;on, several excellent exposures were
located from which it was possible to determine thé stratigraphy from the top of '
the bluff to beach level. The section was found to consist of basal lacustrine
sandg, which were overlain by‘a one to three foot thick bed of till 3B, which was
v in turn overlain by roughly 10 feet of the same red silty clay observed to the
southwesf. The silty clay was in turn overlain by the buff silt found in the
equivalent stratigraphic position in the southwestern exposure, The s8ilt was
overlain by a highly oxidized ti11 identified as ti1l 3C, and the section was
capped with about a foot of sand, A thin greenish-gray sand layer in thie unit
wags found to make an excellent marker bed,

Although essentially flat lying where first obeerved,'ali of the units des-
eribed were found to plunge to the northeast at fhe wayside on top of the hill
in Section 16.' The beds were then overlapped by & horizontally bedded sand,

The top of the béd of till 3C d;pped into the subsurface at the north section line,
| 'Figure 74 is a generalized longitudinal profile of Section 16; figure 75

is an oblique nerial photograph of & portion of the high bluff shoreline in

section 15; and»figure 76 shows & low-lying and heavily protected area, typical

of most of Reach 27,

Lake Buperior
Reach Descriptions

Reach 1
Reach 1 extends southeasterly 3.4 miles from the Wisconsin-Minnesota state
line‘ét Superior Entry to the base of Wisconsin Point (Fig. 77). The reach is
located in sections 27, 28, 34, snd 35 of township 49 north, range 13 westAin'
Douglas County and is the most northwesterly reach in Wisconsin, The reaﬁh is a
low-1lying sand Bpit that rangés from 3 to 15 feet above lake level which together
with Minnesota Pbint, to tﬂe west, forms a bay mouth bar that is the longest

‘ fresh‘water spif in the world, The spit separated Allouez Bay from Lake superior;

Beaches are made ub predominaﬂtly of sand and pebbles and range in width from



143

.N..N yoeay ‘°g B2 ‘Y ‘°N 6T ‘L ‘or

"985 JO oT1goad TBUIPN1T3UOT paziTeiousy hvh aangty

1683 07 = YOUT T 1 TEOT30A
3094 QUOT = YOUT T 1TEIUOZTION

Buyppeq TBIUOZIIOY

1IY0S
86TqQqo0 puw 1138 : |
sIeprnoq Aweuw ‘prey Lxea " 31T pue pues
€c 133 uAoag Leuots v\ /[~ ‘veppeqaeiuy 1 olrdoxg
S N Jusu3eAel

PUes SUTIFSNORT

S ypasdiy

e — — T

3TTS JJNq PeIIOFUOD
L1481y Jo suoysniouy
e8Ie] Ausu SUTPIUOD BUOZ

R 02-19

Keo
L11e

2 eTTs0xg



144

‘Figure 75, Oblique serial photograph showing a portion of the high
bluff area in Sec. 16, T. 19 N., R. 24 E., Reach 27,



Figure 76.
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Oblique aerial photograph showing a typical
segment of the shoreline in Reach 27.

heavily protected



Figure 77,
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more than 300 feet on the west to 3 feet on the easternh end of the reach. Although
accretion is dominant in this segment of the coast the amount of accretion decreases
from a maximum of more than 10 feet/year at Superior Entry to an erosion rate of
about two feet/year near the base of the spit. Breaches of the spit have
perio&ically exposed the marshes on the east end of Allouez Bay to direct wave
action. The reach-is also one of the few shore areas on the western arm of Lake
Superior where the sand supply is sufficient fo allow the formation of séhd dunes,
-Much of the reach is a low developed recreational area largely owned by.the
City of Superior. The abandoned Coast Guard Station adjoining Superior Entry is
occupied as a study center by the University of Wisconsin-Superior. The only
shore protection or navigational structures in the reach are the jetties protecting
Superior Entry and a dock adjécent to the Coast Guard Station,
Rea¢h 2 extends 4.9 milés east from the base of Wisconsin Point to the mouth
of the Amnicon River in sections 35 and 36 of township 49 north, range 13 west
and sections 31, 32, 33, and 34 of township 49 north, range 12 west in Douglas
County (Fig. 77). The reach has an erodible, high bluff fanging from 40 feet to
65 feet above lake level, The bluff is composed predominantly of red clay and
silt with occasional sand lenses, The bluff is dissected by Dutchman Creek,
Morrison Creek, six unnamed streams and the Amnicon River., Along this shore the
rivers emanate from south of the Douglas fault some 6 to 10 miles inland and flow
predominantly on bedrock across the intervening coastal plain., The creeks and
unnamed streams are still down cutting through the red clay of thé coastal plain
and are frequently subject to damming by long shore drift during low flow
conditions., Beaches in this reach vary from a maximum width of 65 feet to being
absent. The widest beaches are almost always in the vicinity of a river or
creek mouth and are frequently covered with draftwood, a tjpical feature of the

Lake Superior Coast, The beach is composed of sand and pébbles with occasional
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boulder erratics, Frequently the beach offers no protection for the bluffs and
relatively low waves cross the narrow beaches to act directly on the toe of the
bluff. The wave action destroys the stability of the slope subjecting the bluff
to almost constant erosion in the form of slides, slumps and earth flows. During
rainy-seasons the bluff material flows across the narrow beach and the near shore
area becomes highly turbid with the fine materials, Spfing sapping is also
frequent, particularly in areas of the bluff having sand lenses, The erosion rates
in this reach range from 8.7 feet/year to 2.7 feet/year., The reach is largely
undeveloped with a few seasonal or permanent residenceé in;the vicinity of road
ends and stream mouths, There are no shore protection structures or bedrock
‘outcrops in this reach. .
Reach 3

Reach 3 extends 3,2 miles east from the mouth of the Amnicon River to the
mouth of the Poplar River and is located in sections 34, 35, and 36 of township
49 north, range 12 west, and section 30 of township 49 nprth, range 11 west in
Douglas County (Fig. 77). The height of the bluff in this reach ranges from 55
feet to 65 feet and the bluff is composed predominantly of red clay and silt,
The bluff is dissected by Hanson Creek, Middle River and three unnamed streams in
addition to the Amnicon and Poplar Rivers.

Beach width in this reach varies from about 30 feet at the mouth of the
Amnicon River to nothing at intermediate points between stream mouths, The
beach is composed of sand and ﬁebbles, occgsional cobbles and frequently driftwood,
wWith the narrow beaches the waves frequently impact directly on the bluff
1nstigatipg slope failures sﬁch as slides, slumps and earth flows,

Tﬁe reach is mostly undeveloped and the only access is by three town roads.
The only shore protection structures in tﬁe reach are located on the east side
of the Amnicon River. A timbexr groin énd a sunken barge were placed at that
point to protect a now abandoned sand and gravel operation, These structures

are almost completely destroyed and offer little shore protection,
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Reach 4

This Reach 4 extends 9.7 miles.east from the mouth of the Poplar River to the

mouth of the Bois Brule River in Douglas County, and is located in sections 13,
14, 21, 22, 23, 28, 29, and 30 of township 49 north, range 11 west, and sections
8, 9, 10, 17 and 18 of township 49 north, range 10 west (Fig, 77). The reach has
an erodible, high bluff ranging from 40 feet to 75 feet above lake level. The
bluffs decrease in height from west to east. The bluffs are primarily red clay
and silt with occasional sand lenses, Beaches are composed of sand, pebbles and
driftwood. The.beaches vary in width from about 100 feet at the mouth of the Bois
Brule River to nothing at many locations, Waves consistently cross the narrow
beaches to cause massive slides, slumps and earth flows. Frequent slide scars’

indicate the movement of large trees from fhe bluff crest to the water's edge.

The bluff through this reach is highly dissected by Bardon, Pearson, Haukkala,
Nelson, Fisher and SMith Creeks, and sixteen unnamed streams as welljas the Poplar
and Brule Rivers, An unusual feature in this reach is the very long spit that
frequently develops at the mouth of the Bois Brule Ri&er.- The spit extends
westward from the east bank of the river mouth and may at times attain a length
of over one-half mile, sometimes adding a neighboring stream as a tributary of the
Bfﬁle by extending across that stream entrance, The reach is relatively undeveloped
except near the mouth of the creeks and rivers. Access is generally restricted
to the section line roads except at the mouth of the Bois Brule River which is

served by a state forest road. There is a precast concrete groin immediately

"west of Bardon Creek that is in excellent condition and a beach has formed on its

easterly side. There are no other structures in the reach except for a boat ramp
near the mouth of the Bois Brule., Erosion rates in this reach range from nearly
six feet per year to about two feet per year., Minimum erosion along the Western
arm of Lake Superior coincides with the entrance of rivers into the lake because

maximum beach widths also occur at the mouth of the rivers, There are no bedrock

outcrops in this reach,
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Reach §
This reach extends 2.0 miles northeast from the mouth of the Bois Brule River

- to Brule Point in Douglas County. The reach is located in sections 2, 3, and 10
of township 49 north, range 10 west (Fig, 77), Bluff height in this reach varies
from io feet to‘40 feet and avernges‘about a5 fqet. The bluff is primarily made
up of ‘red clay and. 8ilt except in the lower portions where the sand content
1ncréases. Beach widths range from absent to 30 feet and the beach is 6omposed

of sand and pebbles, Bedrock outcrops are not readily visible in this reach bﬁt
sandstone oﬁtcrops do occur in the immediate near shore zone hear Brule Point.and
may-control the location of that promintory. The reach is largely state owned‘and
undeveloped except near the mputh of the Brule. Cleared fields near Brdle'Point'“
are evidence that some cultivation has been tried and abandoned, Accéss to the
area i8 limited to the Qestern end of the reach and five trails ﬁear‘the east

end, . fhere are no shore protection structures in this reach, but there is a boat

ramp on the Bois Brule near its mouth, Erosion'processes are simiiar to ofher seg~.

ments of this "Red Clay" shore, waves cross the narrow beaches to'direéfly attack
the base of the high erodible bluffs, This action keeps the bluffs' slopes
unstable and bromotes various forms of mass ﬁoyement such as slides, slumps aﬁd
earth flows,
Reach 6

This reach extends 4,4 miles easterly from Brule Point td a_rock prominence
700 feet west'of the mouth of the Iron River and is located in séétions 1 and 2
of township 49 north, range 10 west; sections 4, 6, aﬁ&:G of.townéﬁip 49 ndrth,
range 9 west; and sectioﬁ 33 of township 50 horth, range'6 west (Fig. 78). The
western 1.1 miles of thisAreach are in Douglas Cquntyyana the balance is iﬂ‘
Bayfield county, The bluff height ranges from 20 feet to 40 feet and the bluff
i8 predominantly red clay with some interbedded‘sands. Thefbiuff is dissected by
Fish Creek, Reefer Creek mnd two unnamed streams, Erosibn_;étes in this reach

vary from a high of about 10 feet/year to a low of about 7'feet/year. Beach
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widths in the reach vary from 30 feet to nothing and are coﬁposed=most1y’of sand
and pebbles although an increasing number of boulder erratics are also present.

The westernmost bedrock outcrops along the south shore occur in this reach in the
form of flat—bedded sandstone about 1000 feet west of the Iron River, This outcrop
is visible near the level of the lake., Erosion processes are visibly similar to
other "red clay reaches" with wave action causing direct erosion of the bluff in
areés with narrow beaches and also causing bluff failures such as slides, slumps
and earth flows, The evidence of these failures is not as speétacular as it is
farther west in the areas of higﬁex bluff.

Reach 6 is highly developed with primarily seasonal residences between the
shore énd State‘highway.ls. fhere are no shore protection struétures in this
reach,of the Lake querior Coast.

Reach 7

Reaéﬁ 7 extends. five mi1¢s northeasterly from”a point 700 feet wésf of the
mouth of the Iron River to Quarry Point in Bayfield County, The reach is located
in sections 33,'34, 35, and 25 of'township 50 nofth, range 9 west; and sections
30 and 19 of township 50 north, range 8 west.. The reach is a medium to high |
bluff (average 25 feet) shore. The bluff is composed mainly of'red clay and silt,
The bluffs are dissected by the:Iron River, Jardine Creek and two unnamed'st;eams
in this reach, The beach varies in width from 110 feet on the west bank of the
Iron River to absent at other locations, Where present, it is composed of sand:
and pebbles, some boulders, and localized sandstone:shihgle»and cobblé. One
frequently finds ciay-balls formed by wave action on pieces of clay from the bluff,
The erosion rates in this reach range from 4.4 feet/year to 1.0 foot/year and
average about 2.0 feet/year. The erosion processes are dominated by wave action
on the bluffs.and the»resulting slope failures in the form of slumps, slides,

and flows.
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One of the unusual features in this reach is a shingle-cobble spit damming
the mouth of Jardine Creek. The material is well réunded sandstone that is a
deep - reddish brown. The source of the material may be a sandstone outcrop on
the west side of.the creek mouth or other outcrops in the near shbre zone, A
major sandstone outcrop.occurs at Quarry Point, west of Port Wing. This outcrop
was quarried, as the name would imply, for building stone used in Superior and

Duluth near the turn of the century,

There is a boat ramp on the Iron River near its mouth but no shore protection

structures in this reach. - The reach is sparsely developed with seasonal and

‘permanent residences located between the shore and Highway 13,

Reach 8
This reach extends from Quarry Point 7.1 miles east and northeast td a:rocky
promontory 1.1 miles west of the mouth of the Cranberry River and includes thé
harbor entrance at Port Wing ianayfield County. The reach is located in
sections 11, 12, 14, 15, 19, 20, 21, and 22 of township 50 north, range .8 west;

and sections 6 and 7 of township 50 north, range 7 west (Fig. 78). ThiS'reach‘

is marked_by'highly contrasting shore types. At each end of the reach low sandstone

cliffs are present, the westernmost two miles of the reach are low—lyiﬁg sand

spits forming a bay mouth bar at the mouth of the Flangiver, and the remainder.

of the reach hés the "highest (over 200 feet above lake ievel) bluffs on Wisconsin's
Great Lakes Coast, 1 Sin unnamed streams dissect this extremely high bluff segment
of the reach. Quarry Point -averages only about 10 feet in height while the Port -
Wing spit is generally less than 10 feet above the present lake level, One of

the highest shore recession rates occurred west of the entranéé to Port wing when
the spit was completely eroded following the extension of the jetfies‘at the

harbor entrance, - This shore retreat amounted to almost 2000 feet and occurred in
about a 10 yea¥ period during and after World War II. The spit has since been
rebuilt, with the aid of the westerly long shore drift,‘élthough it remains narrower

than the spit to the east of the harbor entrance,
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The extremely high bluffs to the east of Port Wing are very different in
appearance and composition from the high bluffs to the west, The bluffs appear
to be either reworked glacial till or outwash and take on a ''flat iron' appearance
when viewed: from the lake, The bluffs are composed of interbedded sand, silt, and
clay with abundant gravels and cobbles, This bluff is undoubtedly the source of
most of the beach material at Port Wing because of the much higher percentage of

" Although recession rates are lower

coarse material than the "red clay bluffs.’
than many other areas, 2.0 feet to 6 feet per year, the volume of material eroded
probably exceeds any other segments of Wisconsin's Lake Superior shore of similar
length, because of the greater bluff height. Beach widths vary from about 50 feet
at Port Wing to absent at the rocky points, Beach widths along the high bluff
segment average less  than 10 feet inwidth because of the steep near shoré slope,
The high bluff area is undeéveloped in contrast to the Port Wing area where the’
harbor was developed in the latter part of the 19th Century in connection with
a saw mill operated in 'that ared, There is good public access at Port Wing but’
the high bluff.shoreline is totally inaccessible by road. The only shofe
protection’structures in this reach are the steel sheet pile jetties protecting
the entrance ‘to the Flag River and Port Wing.
Reach 9

This reach extends from-the rocky prominence one mile east of Herbster
northeast 6.9 miles to Bark Point and is located in sections 4, 5, and 6 of
township 50 north, range 7 -west; and sections 24, 26, 27, 33, and 34 of township
51 north, range 7 west in Bayfieldeounty (Fig. 78). The bluff in this reach is
quite variable ranging in height from 150 feet to 10 feet and averaging about
40 feet above the level' of the lake, ' The low bluff #reas are a sand spit at the
mouth of the Cranberry River. This area also has greater heach widﬁhs than the
rest of the reach (about 70 feet) and the only structufe.’ The structure was

originally a jetty or pier at the mouth of the Cranberry River but all that
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remain are a few timber .pilings in very poor condition and nonfunctional, The
bluff is composed of sand, clay, and gravel while the beach is mostly sand and
pebbles. |

Beach widths along the higher bluff areas are generally less than 10 feet wide.
Sandstone bedrock outcrops at each end of the reach and its height in the bluffs‘
is usually higher to the east. The reach is moderately developed with seasonal
and permanent residences, Public access is excellent at Herbster where the
village maintains a public park on the lake front. Bark Point is a mixture of
residential; recreational .and agricultural devglopment.

Reach 22D

This reach:is located on the east side of the City of Ashland and extends
2.1 miles east from the west boundary of Lake Park to a road end two miles east
of the city limits, It is located in sections 27, 23, 24, and 19 of township 48
north, range 4 west. The top of the bluff in this segment ranges from 20 feet -
to 40 feet above the lake level and much of the bluff is cémposed'primarily of
red clay and silt, .~ Beaches are composed of sand and pebbles but are relatively"
rare in this. reach,

The reach is largely residential except for the city park and there are many.
shore protection structures in.the reach of highly variable construction. The
most common structural form is rock-filled timber cribs used as groins or revetments,
Some of the most interesting and substantial structures are "home made" from salvaged
timbers of the. old ore docks in Ashland that float ashore after heavy storms. The’
most serious erosion problems occur in those ﬁroperties that haveAnot constructed
shore protection structures., This also creates a major problem for those property
owners that have protective structures because of the difficulty_of protecting
the existing structures from flanking (wave attack on the unprotected sides of the
structure). Shore recession rates in the unprotectéd segments of fhis reach have

averaged as. high as five feet per year, even though this reach is semi-protected
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by the offshore breakwater in Ashland and the arm of Chequamegon Point and ILong
Island. These sand spits protect the reach from the open lake and decrease the
effective fetch of waves approaching this shore,
Reach 27

Reach 27 extends from the base of Chequamegon Point eastward 4.8 miles to
Marble Point, in sections 26, 27, 35, and 36 of township 48 north, range 2 west;
section 1 of township 47 north, range 2 west; secfions 5 and 6 of township 47
north, range 1 west and section 32 of township 48 north, range 1 west (Fig. 79, 80).
The western 2.6‘miles are in Ashland County and the eastern 2,2 miles are in Iron
County. Bluff heights range from 20 feet to 80 feet above lake level, but a&erage
bluff height is about 60 feet above the lake, -Although this reach is in the "red
clay' area, samples of the bluff material indicate ‘that these materials are
primarily coarse silt and very fine sand with little if any clay size material,
The composition of these bluffs ‘is however highly variable, |

The beaches, composed of sand and pebbles, range from 30 feet to 10 feet in
width and are particularly susceptible to rapid changes in dimension because of
their openness to large northeast storms off Lake Superior. There are no shore
protection structures in this reach, but a demonstration site using various
patterns of_Longard“tubés is to be constructed in this reach in 1977, The reach
is generally undeveloped except for a recreational site on the wgst end of the
reach. and a picnie ground at  Madigan Beach. Erosion rates in this reach average
about. one to two feet per:yeaf.ﬁ This reach is entirely within the Bad River
Indian Reservation,

Reach 28 -

This reach extends 4.4 miles from Marble Point easterly to the Wisconsin-
Michigan state line .at the mouth of the Montreal River. It is located in sections
3, 4, 10, 11, and 12 of .township 47 north, range 1 westgfapd section 7 of township

47 north, range 1 east in Iron County (Fig. 80). The westernmost mile of the
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reach-is‘in the Bad.RiVet Indian Reservation; ”The'rEach hes a high bluff’(lo—BO"
 'feet) shore with narrow beaches and eeverel bedrock outcrops. 'Moet.of the bluff
‘is composed of interbedded sends and silts with a clay cap in the upper 10 feet, "
Sandstone bedrock outcrops at Marble Point and as steeply dipping strata in the
"vicinity>of~the Montreal River. slumps, slides and earth flowe are promoted by
ithe erodiné waves that cfoesjthe narrow beachee to attack the toe of the bluffs,
ithe bluff is dissected by GreveyardkCreek, Stergeon Braneh; Carpeeter oreek, pParker-
Oronto Creek and tte ﬁontreal‘niver. | o |

The reach forme B 1erge open embayment known aBIOroeto Bay. - At‘the apex-af
* . the bay e‘emall.beet matiﬁa,léaxon Harbor,vie located aqjacent to the mouth of‘

*parker-Oronto Creek, Beaches in the reach are narrow varying from 30 feet to

'3~anothing and are composed primarily of sand and pebbles with increasing smounts of

‘:welirfoended pebbles and cobbles to the east, The only shore protection structure

/‘:oinfthis reach is a riprap revetﬁent immediately west of the entrance to Saxon

e HarBor; The revetment has not been adequate to protect thie site from further
ietoeion.v The harbor entrance 19 protected by & eheet pile nozzle and e caieson '
etm._ The mouth of Oronto-Parker Creek is also protected by sheet piling ih an
'effort to prevent the damming of the stream by long shore drift, '
Reach 33

This reach extends from Big Bay Point easterly 5.6 miles to Amnicon Point
‘ on Made%ine Island 1n'Aeﬁ1end County in sections 12, and 13 of township 50 north;
range 3 west; sections 18, 7, 8, 5{.4, 3, end 2 of township 50 north, range 2
weet; and sections 35 and 36 of township 51 north, range 2 west (Fig.‘79). Bluff
{heightsfin this teech range from 5 feet to 20 feet above tﬁe level of the lake.
‘The bluff meteriai i8 highly variable and includes red clay, tiil, sand ane
sandstone.i The sandstone bedrock_outcrops at Big Bay.Point, Amnicon Pbint and
_on_both'sides of Big Bay., . Big Bay has a epit form1ng a bay mouth bar on its western

side that forms Big Bay Lagoon..fﬁéech widths range frem more than 60 feet to
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absenf. The beaches are composed of sand and pebbles and occasionally sandstone
cobbles and erratic boulders in the near shore area, The reach is lightly developed
on the western end of the reach on Big Bay where the use is primarily reéreational'
in state and county parks. From Big Bay east to the vicinity of Amnicon Point the
reach is primarily.residential although there are also several fishing camps. The
easternmost end of the reach, at Amnicon Point, is in theBad River Indian Reserva-
tion, There aré many shore protection structures associated with the residential
area bordering County Highway H. The structures are quite variable but the most
common form is rock filled oak cribs used as piers, groins and revetments, The
structures are economical and usually functional, A portion of Highway "H" in
section 8 of township 50 north, range 2 west has been repeatedly threatened by

erosion damage creating a major problem in this reach,
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SUMMARY AND CONCLUSIONS:

Material Properties

A really intensive investigation of the material properties of thé
soiles along the shoreline and especially their statistical variations .
and interdependencies, was not undertaken in this study. ﬂowever, sev-~
eral general observations can be made through an interpretation of the.
laboratory results obtained. |

Standard Penetration numbers for the sand deposits indicate in most
instances relatively dense sands. A plot of all the triaxial test re-—
sults on sands and silts shows a strong relationship between the dry den-
sity of the sands and their drained angle of intermal friction (see
Fig., 81). For most of the sands, maximum and minimum #oid ratios wére
not determined, so that a comparison based on relative density is not
possible; however, with respect to their absolute density, there is still‘
a reasonable dependence of ¢' on Y4q» with the points falling in a‘fairly
narrow range of values. Makimum and minimum ¢' angles'are 34.7 and 41.6°
respectively, with the angle of internal friction.at any givén density
falling within a range of values varying by less than 4.5°. The values for
the silts tested as a dry powder in triaxial tests indicate a lesser
angle of internal friction for the same density, while the cohesion,
obviously could not be measured.

For clayey soils, the values of the Liquid and Plastic Limits for
all the samples tested have been plotted on a plasticity chart, Fip. 82.
This ‘chart shows the relatively narrow range in the classifications of
- these materials; all samples tested were either low-plasticity silts or
clays. The grain size distribution of the tills is shown in Figures 83,

84 and 85.
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- Inspection of the Atterberg.limits, and strength cheracteristics-of
the clayey soils, leads to a distinct differentiarion of the.tills_and
lacustrine deposits.‘ A summary of these_properties based on the aver-
‘ages of all of the samples tested within a given layer or uﬁit at-eachr

‘borehole-is shown in Table 2,3. The till layers have been grouped:aecord—
‘ing to their geologic simflerities, and their properties statistically
correlared. The resuits ere tabulated in Table 4, and drawn oﬁ a plas-
ticity chart, Fig. 86, Difference in thefmaterial properties within a
perticular unit arise in the fact tﬁat local chemistry may alter the clay
,characteristics, source material from the same glaciai unit‘may vary
somewhat with location, and the local stress hiétory at an& particular
site (e.g. glacial‘overburden, overlying'lake deposits, etc,) may change
the strength parameters significantly.

With reference to.rhe above correlations, the foilowing generaliza-
tions or observations can be made:

1. The entire range of the Atterberg'limirs of all the specimens
tested is relatively small, comprising mostly low—plastrciry clays and .
clayey silts. This 1s even more striking when the average values for the
t11l units is observed--practically ail of the everages have tiquid
Limits between 22 and 32 per cent, with corresponding'Plasticity Indices
between 9 and 15 per cent.

2., A correletion cannot be made between the Atterberg limits of a‘
particular sample and its drained strength parameters, The seuthern grey
till unit (24,B) in Raeine and southern Milwaukee Counties has drained
strengtﬁ parameters approximately equal to those of the red till unit
(BA) of northern Milwaukee and Ozaukee counties; but the averages of

their Atterberg limits (wy = 24.1 & 30.7%; Ip = 10.1 & 14.1%,.respectively)
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. Table 4

: Bummary and Correlation of -
Laboratory Reaults on’ Glacial Till Units

" . Crey tiil.' Rncine and Milwaukee Counties. . (Till 2)

Strength: (GT-4) ¢'= 1.2° (GT—l) ¢'= 31.4°  (CT-1) ¢'= 31.0°
, : . cd= 0 i, ¢= 0 . a0
. Average--, ¢ = 31.2 + .2° "
‘ o , c¢'a 0 S o o - , R
Atterberg _(GT910) wi= 24,4 (GT=-4). v e 23.2  (6T-1). oy = 25.1 _ e
 Limitst . IP’ 9,66 , Ipn 9.45 : I = 10,06 » :
- (6T-1) w,=.25.8  (CT-B) w,= 22.8  (CT-6) wL- 23.0 I
1= 10.9 I;= 10.0 I;= 10.7 : o

Average~- w.= 24,05 *1,13%

1he 10,13 £.52%
Red-brown till Notth Milwaukee and Ozaukee Counties. (Till 3A)
o Strength' (GT-B) ¢ = 32, 5° (GT-6) ¢ = 30,5° (GT-7) ¢ = 31.3°
¢= 0 . c'= 0 =0
' Average-- ¢ = 31.4 ¢ .8°
¢= 0 _ . .
_Atterberg  (GT-8) W= 29.8 - (GT-6) v, = 31.3 (Gr-7) W= 31.0
Limits:  Ip=12.6 L= 15.0 Ip= 14.7
Average-- wy= 30.7 & .65 _ : : ,

Lower Red=brown till. Sheboygan and Manitowoc counties, (Till 3A) . 4
' Stremgth: (GT=12) ¢' = 28.7°  (GT-12) ¢'= 30.0° (GT<17) ¢'= 31.,5°

c¢'= 511 psf = . ¢'= 696 pef c’= 380 psf
- (6T-14) ¢ = 22,3°° {(6T-13) ¢'= 31.3° ~(6T-15) ¢' = 31.3°
. e = 1023 paf o Q'a 530 psf e = 530 psf
Average-- ¢ = 29,18 ¢ 3.2° © ¢'= 30,56 ¢ 1,07° }
= 612 + 206 psf- = c'm 529 % 100 psg (1f GT-14 ignoted)

'fo’Atterberg Limits:

Average-~_¥L: 22 gg z‘g'gZé (all samples of tiii‘uﬁif, including
P s boreholes GT-8,6,& 7)
WLF'ZQ'B‘ 3.1% -(lower till unit in Sheboygan & Manitowoc)
IP- 13.6 2.4% : N
Upper’red till. Sheboygan and Manitowoc counties. (Till 3C) ' ‘ N,
Strength! o , - e
Average-- ¢'= 29. 55 +7,39° - (GT-14&13) ¢ = 29.83° (GT-20) ¢ = 29.0°

¢’'= 578 ¢ 151 psf c'= 471 psf ¢ = 792 psf

Atterberg Limita:
Average-=- w = 27,34 % 4,08%
Ipa 12.7 £ 1.76%

Note: Averages are mean values of the average properties assigned to each

(all samples of till unit)

till layer at each borehole, with the standard deviation indicated.
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~do not agree well with one another. Conversely, the Atterberg limits for

the red till of Ozaukee County (3A) compare cloéely to the éverages of
several samples of the same till unit exposed in the lower bluff reaches

of Sheboygan and Manitowoc countiles; but their drained stréngth-parameters

vary coﬁsiderably (¢' = 31.4° & 30.6°, c' = 0.0 and 530 psf, respectively).

Theréfore, no "rulg-of—thumb“ simplification is possible.

3., This is not to say that there is complete scatter in the re-
sults obtained. In fact, tpe geotechnical properties are relatively con-
stant for samples Qf a given glacial unit under similar conditions, i.e.
in a similar geograpﬁié location, The drained angle of internal friction
for all samples of the Racing-Milwahkee gfey till unit (2A,B) vary by
only 0.2 degrees, while their average Liquid Limits vary by iny 1.13
per cent, and their Plasticity Indices vary by only 0.52 per cent. Also,
the red, upper-till’(SA) of Ozaukee County has a variation in ¢' of only
0.8°, and in AtterBerg limits of 1.07 and 0.65% for wy, and TIp, respec-
tively;1 Even the somewhat more variable lower red till unit (3A) of
Shebq;ggn andﬁManitowoc counties has dré;ned‘strength parameters varying'
by only 1.07’degreés for'¢'; and 100 psf for c', which is relativel?
small*in comparison with the lab inaccuracies. 'The'upper red till unit
(3C) of SheboyganfMan;towbc varies by only 0.39° in ¢', and by only 151
psf in c'.. | | |

4. Lacustrine deposits foilow no set trend in their properties, so
that their drained sfrength parameﬁefs cannot be predicted. As a casual

observation, the drained angles of internal frictiom of_lacustrine.clays

‘are generally smallef, the cohesion generally lérger than those of the

till units in the same area, but this is not true in every case. The

clay of GT-5, it may be noted, has Atterberg limits very close to those
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of the grey till of Racine-Milwaukee (2A,B) which lies on either gide of

it; likewise, in GT-7, the lower red-brown lacustrine clay has limits

very similar to those of the‘upper ;ed till in Ozaukee‘éounty. In othef
instanceé, the liﬁits pf neighboring till and lacustrine‘deposits may
§ary considerably, as in GT-1 aﬁd GT-ZO..

In summary, it can be stated that the Atterberg limits of the tili
deposits along the Lake Michigan shoreline do, 1nvmany cases, ekhibit
signifiéaﬁt similaritiés, when they aré of the same glacial unit, aﬁd

are subjected to similar influences. The drained strength parameters can

be roughly prediéted for the southerﬁmost tills (2, 3A in Racine, Milwau—

kee and Ozaukee éounties)‘within relatively narrow limits at about 31°
for ¢', and ¢' = 0. Thg northenmost tills show greater variability, but
all have considerably more cohesion (c' - 300-700 psf), while their
drained angles of intefnéi friction are slightly loﬁer (d' = 29-305).
Atterberg limit;'alone cannof be used to estimate ¢} and c'.

There are a number of problems and inaccuracies that have’arisen,
in the sampling and labvtestingnof the'sémplesvreported. First, inéuf-
ficient equipmeﬁt énd experience in the field made propef sampling tech-
niques impossiﬁle; and therefore, proper geotechniéél identificafion and
testing erroneous or incomplete. Too‘many boreholes weré drilled whére
the only samples obtained were disturbed samples off the auger fligﬁts,
or Shelby tubes filled Qith sand of questionably intact_rélative éensity.
Often tubes ﬁere f1lled with slump; or only enough "undisturBéd" sample
to run one triaxial‘test, thﬁs giving a poor estimation of the actual
strength, In the laB, there weie major differencés in.thé results ob-
tained by direct shear and triaxial t;sts on sand speciﬁeﬁs, so that

direct shear results had to be disregarded. Hand carving and trimming
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of silt specimens was found to be too difficult for the technicians, 80
the silts were too often disturbed dried, and tested as sands, thus
losing any assessment of their cohesive strength. Finally, vane’shear
tests provided an unreliable measure of the unconfined compressive |
strength of cohesive materials, since the values obtained on the surface
~of just one Shelby tube sample were found to vary by more than 100 per
cent.

Stability‘Analysis

The stability analysis of the bluffs covered in this study yielded
a number of distinct types of failure processes, which are shown sche~
matically in Fig. 87. These failure types shall be referred to as follows'

1. Toe failure, This is the most common type of failure en-~ |
countered, in which the failure circle indicates a shallow
slip failure at the toe of the bluff,

2, Face failure. Analysis on many bluffs resulted in broad,‘
shallow zones of failure, indicating a trend slope wash or
translational failure of the slope, which itself could not
be analyzed by the particular computer program used.

- 3. WErosion’of the top'of the bluff face. " Shallow back~cutting
‘of.the top of‘the bluff was often indicated, however, was
not always the most critical condition for the bluff; nor
inrestigated in every‘case.

4, hemoval of toe material. In mostly stable bluff, where
slope debris (slump blocks) were accumulated at the toe of

bthe bluff the failure circle indicated the removal of this
toe material while not affecting the stability of the
bluff as a whole.>

5. Stable slopes. Minimum Safety Factors for‘stable bluffs
were‘either for shallow or deep-seated circles, but indi-

cated no tendency to fail,
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Computer analysis resulted in almost all cases in computing a mini-
mum Factor of Safety for a circle indicating a small,.surficial slump,
This 1is due maiﬁly to the fact that the cohesion was rela;ively small for
many of the materials encountered.  Thus, the slope material behaved like
a sand; the Safety Factor decreases as the inclination of the failure
plane_increases, giving a small, steep faillure circle. As the cohesion
increases, the depth of the failure circle increases, as does the value
of the Safety Factor itself. The term "deep slip" shall be used in de-
scribing the failure of natural blﬁffs that result in failure zones that
are deeper than the small surficial slumps described above. in many in-
stances, the two g;t together. ‘

The "critiéal circle" shall be defined as that failure circle.ﬁaving
the loﬁegt factor of safety, as calculated by thé computer. This indi-
cates the most unstable surface of sliding, or the smallest ratio of the
assumed shear strength of the ﬁéterial to the shear stresses, However,

any trial failure circle may be considered "unstable'" if its safety factor
is less than one. This resul;s in‘two criteria; or éxplanations, of the
progressive failure of the bluffs.

1. Critical circle criterion. According to this criterion, the
procesé of failure of the bluffs is seen to follow a succession of small,
rotational slides which progress from the tbe to'thé top of the bluff,
(Ed1il S Vallejo, 1977). An example of this was investigated at borehole A L
GT-6, and outlined in Fig. 88, Each time a critical circle with a Safety
Factor of less than one was obtained, failure was assumed to occur, and
the slumped material was assumed to be removed by waves and surface ero-

sion. The resulting profile was re-analyzed, and each consecutive failure

allowed to occur. This sequence of successive failures showed a pro-
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gression of small, surficial slides which progressed up the face of the

bluff, continuing until a Safety Factor greater than unity was encountered,

and a stable slopé‘coﬁfiguration was reached.

2. ‘Unstable”cifcle'criterion. An example of the unstable circle
criterion was studigd for a slope in Reach 13; ProfileHZ,'Sec, 33, TION,
and is outlined in Fig. 89. Failure was assumed to occur th:bughout tﬁé
zone whe;e the COmputef'Analysis indicated a Séfety Factor ieés than
unity, fér each failure pircle try. This zone was boundéd by the largest
failure circle with a Safeﬁy Faétor less than one, which was.then assumed
to rotate, but not to be complétely rémoved. This criterion-résulted in
failuresiwhich also prog?essed up the slope, but each failure was of much
larger extent, and a stable slope éonfigurétion was reached after just
three failures. A

It is believed that'iﬁe actual erosion of the.bluffé involves both
of these‘criteria. The critical ci;plevindicates'thé particular surface
where inéipient failure is likely, and wiil probébly occﬁr first. Where
subsedueﬁt_failures occur, and if they.accur, depends on the local vari-
ations of the soil, weathér influences, groundwatericonditions, vegeta-

tion cover, surface wash, and other factors. There is a danger of failure

whenever the Safety Factor is less than one, but only when assumed condi-

tions‘prevailbin the field at the time of_faiiﬁre. Also,.ap absolute
time écdie 1s not available for the events described above.>'The unstable
circle criterion may bevthought of as a culmination of‘smaller criterion
circles that fail at approximatel& the séme time.‘ In other words, the
f;éntire failure zone may be undergbing internal failﬁres and deformations,
.80 that failure occurs everywhere withiq the unstéble zoné. not just on

“Ehe largest failure surface.
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In addition, solifluctibna surface wash, mudflow, or other forms of
mass wasting may be dccurriﬁg in conjunction\wigh the processes above;_
The undrained failure of the bluffs, that is, a stability analysis using
total stresses and the undraiﬁed strengtb paraneters of the soil, was not
Vinvestigatéd in this sﬁudy,-but:may be of majo:‘importanée iﬁ many in-
stances. |

The ultimate anglé'of repose for a stable slope was detérmiﬁed by "
assuming a long-range equiiibfium condition of the bluff whereby tﬁe co-
hesion feduCes-to zZero ng to weathering, and'the‘énglé.of repose 1is
then the angle of internal friction of the soll. Below the groundwater

table, the stable slope anglé_is reduced due to the effects pf water

pressufé, so the stable angle, 8, can be computed by the equation
YSAT ‘

, Ypouy
and results in a slope angle about half that of the angle of internal

tan * = tand' = 1/2tand’
friction. Artesian pressures and excess hydrostatic pressures due to
seepagé effects tend to decrease this stable slope angle even more: how=-

ever, these conditions are not ‘prevalent in this study.

Where the cohesion of a slope is high, it is not necessarily logical

to Qésuﬁe that the cohesion will weather to zero causing shallow slides
until a low-angle stable slope is reached.. Inste;d,'higher stable
angleé may be maintainéd safely; these were detefmined by using ché;ts
presented by Edil & Vallejo (1976) which related the stable slopé anéle
to the cohesion for ¢' = 30° and for various bluff heights with vafying
water table.

The ultimate stable angle of a biuff, and the corfespoqding amount .
of regrading‘fequired, depend on a number of assumptions and influentes;

If wave action is prevented, face degradation will flatten the slope to
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-an angle corresponding to the zero cohesion cohdition described above due

to weathering of the surface, and other slope processes., Stabilization
measures for slopes of higher cohesion and consequently higher slope
angles,‘require that the Safety Factors using both drained énd:undrained
strength parameters be greater than i.3 to.l,S, apd also that prdper
drainage of the sﬁrfaqe and sufficient vegetation cover 1s provided to
prevent face degrédatioﬁ. Protecfion of the toe from wave action is im—

perative.

* Case studies

Evaluation of the resulté of the stability analysis permits a number
of obsefvationskand cqmmen;s to be méde. Example profiles to be used as
case studies are made refe;ence to in‘an atteﬁpt to explain the various
phenomena occurr;ng in ;he.erosion of the shoreline. These profilés-ﬁre’
dfawn in Figs. 90-94, with thelr assumed strength parameters and critical

failure circles.

Effect of lowering the lake level.

The  lowering of the lake level will by Ltself cause. no chénge in
the stability of the bluff, but may induce an indirect change in the sta-
bility by affecting other factors in the bluff, such aé the ﬁeight of the
‘bluff, the groundwater conditions,_dr the wave action. As is evident in
practically all of the bluff profiles of Figs. 90-94, the eritical failure

circle does not intersect the bluff beyond the toe; thus, the bluff above
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“,ﬁhe beach acts as a separate unit since the slope of the beach is so low.

| Should the waves begin to encroach on the base of the bluff by eroding

the-beach, the effect will be to increase the héight of. the bluff in the
long run, and thereby decrease-its stability. 1If the-initial beach is
very'steep, porepressures may remain ﬁigh in the bluff, while the felaf
tive height.is increased rapidly; thus, the lowéring'of fhe lake level
ﬁay have a direct affect on the staﬁility of the bluff. Porepressures

are often kept high for extended periods due to the stratigraphy of the

bluff and the forced position of the groundwatér table. Also, as the

groundwéter table decreases, and the height of the bluff is increased due
to thé lowering of the lake level, some weak layers which were originally
below the blﬁff base may now become part of the bluff face and may in-

duce failure.

Effect of high groundwater table.
Raising the groundwater table decreases the stability of the bluff,
while increasing the size of the failure circle in proportidﬁ to the in-

crease in the height of ;he groundwa;ér table. The profile at borehole

GT-6 (Fig. 91) shows the water level at about one-third of the height of

the bluff, with a Safety'Factor of 0,69; Profile A in Fig. 93, with ap-
proximately the same slope angle, and a slightly higher ¢', has a ground-
water level at about_% H, with a Safety Factor of only 0.64.

It ié typical_for the failure surface on straight bluffé with.no
cohesion to intersect the bluff at the toe of the slope, and just above
the level of the groundwater. This can be seen in the two profiles dis-
cuésed above as well as many other bluffs along the shoreline. The net
result is to slough away the saturated material at the toe, thus decreas-

ing the stability of the overall bluff, and initiating a progressive
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failure séquence, as investigated at borehole GT-6.-

Effect of slope angle.

(Fig; 93, Profilés C, D, E, & F) Increasing the slopé angle de- |
creases‘;he Safety Factor of the critical ciréle, as can be séen in the .
aone profiles each with similar stratigfaﬁhy, and cohesion equal to
zero, The amouﬁt of vegetation also éives an'indicatioﬁ of their rela-
tive stébility; and &ecreasés'with an increééing slopé'angle.

The profilé a; borehole GT-6 (Fig. 91), and Profile C (fig. 93)'bofh
have low-angle siopes ﬁith‘IOO% vegetation. At this.angle, the ériticél
criterion is of greatést concern, and tﬁe-effeéts of the vegetation, and
actual grbﬁndwater 1e§els mﬁst‘be‘taken.into account to-éssess the uiti—
mate staﬁility 6f thé'bluff. A series of prsgressive shallow siides mayv'
be expected, |

As the slope angle increases, the critical circle_criferion becomes
of less interest Ehan:the largest unstable failure circle c¢riterion.
Profile D (Fig. 93) shows the limiting case where the critical circle.is'
also the largest unstable ¢ircle; note that the slope angle is approximately
equal tb:¢'.: At tﬁis élope angle, also, the vegetation has decreased sﬁb;
stantidlly; and the critical failure circle is much- deeper than‘for sloées"
of a lesser angle.

. vIn Profiles E & f (Fig. 93), the slope angle.is 50 large,‘thaf the
largest‘unséfe circle criterion controls, indicating a deep-seated
failure mode for the bluff. This condition would suggest that failure,
when it occurs, will progress very rapidly up the slope, causing a net

failure of the entire slope.

Effect of a‘berm—type post—failure slope.

If we tfy to reconstruct the pré-failure shape of the given profile,



to

™

189

we find that the maximum amount of regrading required is much greater

than that which would now be estimated from the present slope configura-

tion. The reason for this descrepancy is that as the sldpe fails, and
the "berm" is created, the slope toe actually extends further into the

lake. Thus, the amount of regrading required may be estimated from a -

point further lakeward, and the net loss of the top of the bluff is cal-

culated less. It can be seen from Profile B (Fig.93), that there is

100% vegeta;ioﬁ at the top Qf the berm, and on the sloﬁe above the berm,
but that the face of the slope below the top of the berm has little or
no vegetation, suggesting a lower stability. The critical failure circle
does indicate an unsafe eohdition at the toe of the berm, and is an ex-
ample of the removal of slumé material at the toe of the bluff. The
berm will be eroded back until evidence of it has disappeared; thus, the
effect of the berm is not to stabilize the slope, for the ultimate angle
of stabiiity will not change, but rather, the presence of the berm

shifts the stability line, so that a lesser amount of regrading required

is likely. With a greater ‘amount of cohesion, however, the berm will

tend to stabilize the slope somewhat, since the berm will act as a sepa-
rate unit of lower total height, and the ultimate angle of stabllity for

this height will be greater.

Effect of stratigraphy.

A greater amount of cohesion of the soil making up a bluff will cor-
respondingly increase the Safety Factor and the size of the critical
failure circle. The critical circle becomes most important in the sta-
bility of the bluff, but Safety Factors may often exceed unity, as can
be seen in Profile G (Fig. 93); Profiles A and H have approximately the

same slope angles, and drained angles of internal friction, but their
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' Safety Factors.vary considerably. The profiles ét boreholes GT=-5 -and Gf-l
| (Fig. 90) botﬁ have lacustrine clay deposits over a significant portiﬁn

of the_slope, and the safety factor is high in both cases. Higher éohe;
sion may, however,_make undrained failure criticél, particularly where
artésiqnfpressures are present.

Whéﬁ a éohesive'laye: ;n the upper part of a slopé overlies a non{
cohesive layer,ﬂthere is little effect on the critical:failure circle in
the lower par§ of the bluff.  Therefore, sloughing of the lower matefiai“
is likely,‘undercutting the toe of the bluff., The stability of the whole
bluff 1s, however, much_greater, so- that typical failure circles are deep-
seated With higher Safety Factors, as showﬁ in Profiles I (Fig. 93) and
GT-14 (Fig. 92). | |

The effect of the presence of a- cohesive material overléin by a
cohesiénless material, is common in many of the northern profiles (see -
Boreholes GT-13, GT-15, GT-12). Characteristically, these bluffs ére
stablevof'qﬁesﬁiOnabliAsafe; with no slumping_atvthe toe; But father,‘a
considérable émount-of top retreat;_ Overall Safety-Factors are higher, -

with'a-déep—Seated failﬁre mode indicated,

Near—stability.‘

Véry often a crit;cal failure circle less than one will be calcu-
"lated for a slope fh;t ﬁill undergo ﬁb top retreat to achieve a stable -
élope coﬁfiguration.- Erosion of the face of the élope involﬁeé a:"smooth—
ening-out”" of certain unstable features, without affecting the overall
shape of ghe‘bluff. An example of this*can-be'seen readily in Profile J
(Fig. 94), where there is little vegetation, and a low Safety Factor,.
but a slope angle very close to:.the stable configuration. Another ex-

ample of this type 1s the process of the removal of slumped material from
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the toe of the bluff.

False instability,

When a Safety Factor less than one is calculated for a uniform slope

having 100% vegetation an&'where the ultimate angle of stability paral-

lels the slope face, the failure mode indicated:is often-misleading.' The
critical failure cifclebmust be interpréted as én indiéation of barren
slope-forming processes, 'If the fallure indicated is a shallﬁw slide,
then the vegetation will rerain the slope in its present configuration.
If, on the other hand, an unstable circle involves a deep slip, then the
vegetation may givera false sense of security,'aﬁd the slope may be in‘
danger of indipiént failure. An example of the former case is the pro-
file at borehole GT-6 (Fig. 91), and of the latter case of false security,

is Profile K (Fig. 94).

Wave ‘Erosion.

A forﬁer stablé bluff éonfigurétion may be subjected to the forces
of wave erosion,:and subsequently become unstable, as in Profile k. The
Safety'Factor indicafes an unsafe‘critical circle causing a shallow siide

hear the base, which will initiate a progressive fallure of the bluff,

Top Retreat.

Top retreat may be gauéed by two different conditions, either a
diffgrence iﬁ the éateFigl properties at the top of thé bldff, or the
final stages in a progressive failure of the slope. Profile L (Fig. 94)
is an example of a cohesionless bluff which is stable at its toe, but un-
stable at the top, the critical failure circle indicating shallow slides

at the top of the slope.
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Typical slope profiles.

The term "typical slope profile" is actually a ﬁisnpmet, fof'every
'slope is.in itself unique; eubjected-to different environmental iﬁflu-'
ences, shape-forming processes, stratigraphic veriations, meterial prop?
erties,. groundwater conditions, and vegetation eovet; However,ysome
verylgeneralized‘shapeslor failure modes appear more frequently than
others for different segments of the shoreline.

Profile M (Fig. 94) is more-pr-less typical‘of many of-the bluffs
of Racine and Kenosha cqunties. Where the stratigraphy cpnsists of co-
hesioﬁless till, sands, . or silts, there is often a stepped slope undergo—
ing both tgeeerosion and top retreat. The groundwater table is typically
high. Where the bluffs are eitber uniform, or straight, they are either
stable, or undergoing some undercutting at the toe. The bluffs.are low
in height, so that the net retreat of the top of the bluff for a stable
angle 1s small to negligible. Lacustrine clay deposits have high cohe-
sion, and generally add significanly to the stability of the slope.

Lower Milwaukee county may be typified by Profile N (Fig. 94) The |
bluffs are of cohesionless materials with lower angle slopes that are |
actively undergoing progressive failurevsequences. Slumping at the toe
'is common, with moderate setback of the top to achieve a stable slope
engle. Interspersed»lacﬁstrine clays of high cohesion allow stable
slopes at higher engles. Wave erosion and supsequent slumping at the toe
is typieal.‘v »

-Fufthet north, the slope angles become very steep, danger of deep-
seated failures by the unstable circle criterion is evident; also failure
by an undrained analysis is possible, Interbedded lacustrine deposgits

vary from High—cohesion clays to dense sands which retain surprisingly
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high-angle slopes wiéh a considerable amount of surface sloughing. ;Pro—
files D, E, and F (Fig. 935 may be common.

Northern Milwaukee and Ozaukee counties are typified By profiles at
boreholes GT-6 and GI-7 (Fig. 91), and GT-8 (Fig. 90), where thick de-
posits of cohesionless tills are subjected to propgressive failures.§f
shallow slidés, according to the critical circle cfiterioﬁ. Bluffs are
generally high, with angles yarying between safe slopes td steep, highly
complex, and slumped surfaces. |

The bluffs in Sheboygan and Manitowoc counties consist generally of
tills with highér cohesion overlain by cohesionless sands and siltsf Tép
retreat 1is active in'many areas, but the slopes as a whole are able to
maintain high angles at moderate heights, with relatively high Safety
Factors. Face degredation and wave action are prevalent. (see GT-14 to

GT-17, Fig. 92)

Conclusion

The Factor of Safety analysis for the natural blﬁff,slopes along the
coastline indicates the most critical conditions.affecting the stability
of the slopes. The presence of a shallow slide at the toe Qf a slope
suggests sloughing of saturéted, cohesionleés maﬁerial bglpw the ground-
water table when the groundwater 1s at a high le§e1 during the spring.
The failure of this lower toe material alters the stress conditions af-
fecting the rest of the slope, and subsequent erosional failures, either
shallow or deep-seatéd may result, which progress up the slope. This
cycle may repeat year after year if the slumped material is removed by
the waves, or undercutting of the toe by waves is allowed.

Critical failure.circles showing shallow surface slides may indicate

surface wash or a.parallel retreat of the slope face. In high-angle
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slopes, these may be of lesser impo:tance than the larger, deep—seated
failure circles, as characterized by the unstablé circle criterion. Cohe~
sion tends to. deepen the critical failure circles, and increase the Safegy
Factor for a given value of the drained friction angle.

The slope-forming processes assumed take into account a number of.
conservative assumptions and observations. Therefore, the Safety Factors
and the stability line .values are reflective of the worst possible gondi-
tions thought probable for the given slope, The.ﬁwq most important con-
siderations of any given profile are the engineering properties governigg
the type of fai;ufe suspected, and the porepressure within the bluff,‘
One cannot accurately assess the '"true" Safety Factor of a slope, but éan
only try to.get a handle on the type of failure mode probable{ gnd.the
relative chance of this failure occurring. -This can only be done by,
properly interpreting the Safety Factor.

Not all fallure modes have been investigated for every profilé.
Thus, top retreat or the largest unsafe fallure circle may not be drawn

for a particular profile, but still may be of major importance. The in-
terpreter must look at ‘other similar profiles, or compare the given slope
with the failure processes described herein to determine if the slope
has modes of failure other than those drawn, or originally calculated.

The stébility line is generally a conservative estimate of the max-
imum retreat of the bluff top probable to insure a Safety Factor greater
than one. 'However, the vegetation cover, beach protéction, drainage
controls, lakeward advance of the toe of the bluff, or the presence of a
greater amount of cohesion than assumed will reduce the amount of regrad-
ing required. |

All of the engineering properties have been averaged, assumed homo-

genous and -consistent throughout any given profile, and the stratigraphy
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has beeﬁ assumed horizontal and continuous. These épnditionS’may not
prevail at a particulér site, but may be drastically different from
those in the near vicinity. Thus, the extrapolation of data is precar-
ious, and the assignment of Unsafe or Safe slope designations must be
viewed with a certain degree of sceﬁﬁicism. These extrapolations are to
be used as a guldeline or an indication of general_condiﬁions along the:‘
shorelige, but should not exclude detéiled geotechnical subsurface in-
vestigations at any patti;ularvsite to assess 1ts slope stability,
Finally, the methods used in analyzing the stability of the slopes
do not account for surface sloughing, solifluction, mass flows, slope
wash, or wave erosioﬁ which must also be considered in determining the
ultimate stability of the slope, or the ultimaté retreaf of the bluff .
top. * Nor has the Safety Factor against an undrained failure been ana-

lyzed which may be critical in many cases.,
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GLOSSARY

BREAKWATER - A protective structure built off shore and parallel to the
“"shoreline. Incoming waves crash against the breakwater instead of
directly on the beach‘ this lowers their erosive power.

CALUMET STAGE - Stage of Glacial Lake Chicago which is recorded by beaches
at ‘an elevation of 620 feet above sea level (40 feet above the present
lake surface) throughout most of the Lake Michigan Basin.

CLAY ~ Very fine grained sediment. 1In this report clay refers to the less
than .002 millimeter fraction, : ' '

FETCH - The distance over open water which the wind blows. The fetch is a
partial determinate of wave height.

FLOW - A type of downslope movement where the soil mass, saturated with
water, moves like a viscous liquid under the 1nfluence of grav1ty

GLACIAL LAKE CHICAGO - The lake which existed at several different stages
(elevations) in the southern part of the Lake Mlchigan basin during
late’ glacial time.

CLENWOOD STAGE - ‘A stage .of Lake Chlcago which is recorded by beaches at an
elevation of 640 feet above sea level (60 feet above the present lake
surface). This is highest level of glacial Lake Chicago and is in
part responsible for the lacustrine sediment high in the bluff,

GROIN - A structure built of concrete, steel pilings, rocks or other
materials which extend into the water perpendicular to the beach.
Groins trap the sediment moved by the longshore drift forming beaches
‘on’ the updrift side.

GROUNDWATER DISCHARGE - The flow of water from the ground as sprlngs onto
‘the ground surface or into water bodies. Also referred to as seeps..

LACUSTRINE SEDIMENT - Sediment deposited in a lake. Usually refers to
fairly fine grained (sandy silt and clay) sediment.

LONGSHORE DRIFT - The transport of sediment (dsually sénd) along the beach
- and -just off shore by the prevailing currents and oblique waves.

NIPISSING STAGE - One of several fairly long-lived stages of Lake Michigan
at an elevation of 605 feet above sea level. Many o0f the terraces and
sand areas along Lake Michigan 20 to 25 feet above present lake level

' ' represent wave action during the Nipissing stage. These stages occurred

after glacier ice had left the Lake Michigan basin.

PIEZOMETER - A small observation well open to the groundwater system at some

depth which is used to measure the depth to the water table.

&
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REACH - A segment of shoreline which has somewhat uniform characceristics
and orientation. Reaches of any length can be defined. ‘

REVETMENT -~ A shore parallel erosion control structure generally built at
the base of the bluff and top of the beach. It differs from a sea
wall in that it is usually made of rip rap. (large chunks of rock)
and its surface is generally inclined in the direction of the water

.as opposed to a sea wall which is generally vertical.

SAFETY FACTOR - The engineering factor of safety as used in this report
refers to the likelihood of slope failure by slumping. A discussioh
of how safety factor is calculated is given in the text.

SAND - Sediment with a grain size between .0625 and 2 millimetefs.

SAPPING -~ The removal of sediment (generally undercutting) by discharging
groundwater.

SEA WALL - A wall generally of concrete or sheet piling. It generally has
a vertical face, although in some cases, the faces are stepped on the
beach side.

SHELBY TUBE -~ Thin walled steel tube which is forced into soft sediment to
collect relatively undisturbed samples.

SILT - Sediment with a grain size between .002 millimeters and .0625
millimeters. This material is intermediate in size between clay and
sand. '

SLIDE - A type of downslope movement which takes place along a definable,

relatively flat surface of failure. Usually the sliding mass is not
deformed as it is in flow.

SLUMP - A type of slide where failure takes place along a curved surface
and the moving mass rotates backwards in the upslope direction. It
leaves a scalloped bluff top of amphitheater shaped scars. This is a
very common type of failure along the bluffs of Lake Michigan and Lake
Superior.

SOIL CREEP - A very slow movement of unconsolidated material downslope.
Very often this is measured in millimeters per year and is not ‘
observable to the naked eye. When this process is occurring, however,
trees, fence posts, telephone poles etc. become tilted, and making the
effect of soil creep is observable.

SPLIT-SPOON SAMPLER -~ A tubular sample collecter which is attached to the
end of a drill rod and pushed or driven into the sediment. This is
generally used on harder sediment than the shelby tube.

STRATIGRAPHY 1In its classical use refers to the study of the formation,
composition, sequence and correlation of sedimentary materials. In

this report it refers to sequence of materials making up the bluff.-

TILL - Poorly sorted, poorly stratified material deposited directly by
glacier ice.. :
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